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[. INTRODUCTION 


Peet Zation bed ingits Simplest form consists of a con- 
mauner titled with small particles which are subjected to an 
upward flow of fluid emerging from the bottom of the container. 
When the upward viscous force (drag) exerted on the particles 
by the moving fluid balances or exceeds the downward force 
of gravity, the particles become suspended and begin to move 
about the container in a fluid-like manner, hence the term 
Smeemicdization.' This Churning mixture of particles and gas 
is often referred to as the "emulsion phase.'"' When the 
Pee ocity of the fluid is increased to the point that the 
Maree les are carried out of the container, a transition is 
fiaGemromascaitterent form of fluidization known variously as 
miectnatie CONVeying, entrained flow fluidization, cr carryover. 
PemeriemvelOGity Of the fluid is too low to counteract the 
gravitational force and cause fluidization, the bed is referred 
to as being “packed” or “fixed" and the process is known as 
flow through a porous medium or fixed bed fluidization. 

Deommiletty Gitterent modes of behavior are observed depend- 
ing on whether the fluid passing through the container is a 
Bride reamoas. Luanda fluidized beds are often referred to 
Soeiememeneous Or particulately fluidized beds. This type of 
bed tends to display a very smooth transition through the 


(Toamousestages OL fluidization from fixed to fluidized to 
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carryover. Concurrently 4 very SMoGch@tr aicase Gn eae eee 
transfer characteristics and hydrodynamic behavior is observed. 
On the other hand, gas fluidized beds tend @to display aiene 
erratic performance. Most researchers attribute §tnemdt i em me 
in behavior to the differing particle to "fluid Gensit, Bene 
Gas fluidized beds are known as "aggregate" or ‘'bubbling 
fluidized beds."" In this type of bed, once fluidization has 
begun, the gas usually forms into bubbles which displace the 
bed particles asthe bubbles rise. The appearanG€e op eamcupp ee 
bed is remarkably similar to that of a boiling liquid, as shown 
in Figure 1. During conditions of very active £1uie@aez wenn 
the bubbles sometimes form together or coalesce to create a 
large bubble whose diameter approaches the width of the bed, 
as shown in Figure 2. This condition is Known as "slugging" 
or "heaving" and can significantly effect bed performance. 
Another phenomenon of gas fluidized beds is shown in Figure 3. 
It is a condition known as "channelling." When this ocemns- 
the gas travels through a fairly confined area forming a gas 
filled tube within the bed rather than passing evenly through- 
out the cross section. This behavior is believed to be 
caused by poor distributor design and, like slugging, can 
strongly effect the heat transfer characteristics of the bed. 
Fluidized beds offer a wide variety of beneficial char- 
acteristics such as high rates of heat transfer, high thermal 


inertia, large solid to, fluid contact area, and isothermal 
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bed temperatures. In addition, once fluidized, the pressure 
drop across a bed remains relatively Gomstamidesp pGcm jae 
tions in fluid flow rate. Ihe pressuresdronet> aucune wneen 
of bed height and particle density and is independent of 
particle size. {Ref. 1} This permits in@reas2ne (hess... 
area by using smaller particles without paying a penalty in 
increased pressure loss. 

Fluidized beds also suffer from Gertain dimitativons eee 
Size of particles which can be fluidized is limited to a 
Specific range extending) f rommappyo mare ly 0,001) inchein 
diameter to about 0.25 inch dtameter eaenending One@eme Genome. 
of the particles and the fluc) In adewtron.-o- 
materials cannot be fluidized regardless of size because of 
their tendency to clump together and form particles too large 
to fluidize, or because of their tendency to break down into 
particles which are so small that they become entrained in the 
fluidizing medium and are carried from the bed. Another dis- 
advantage is that fluidization requires the expenditure of 
energy to force the fluidizing medium through the bed at the 
required velocity. 

In general the beneficial aspects of fluidized beds far 
exceed the limitations and as a result, flute zeds pede o nan 
ciples have been utilized in many diverse applications 
over the years. Early Maming engineers We caw iW Wane secne 
to separate solids ofvdiirerecnt dens perce by suspending 


them in rising streams Of Waters) [hers ts) 9 eon be mics 
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War II, chemical engineers discovered that fluidized beds 
made outstanding chemical reactors because of the extremely 
large contact area between the particles and the fluid. 

For example, a container measuring one foot by one foot by 
ene e0t, tilled with 0.01 inch diameter spherical particles 
yields approximately 4,000 squares feet of surface area. 

imo chtanacteristiceot fluidized beds “has been utilized to 
great advantage in a wide number of chemical processes, most 
eminem the catalytic cracking of™petroleum» (Ref. 3] 

Peesise tie particles within a fluidized bed are constantly 
churning about and mixing, the temperature at one point in 
the bed is usually in very close agreement with the tempera- 
mimemat dny Other point. Industry has capitalized on this 
isothermal property by using fluidized beds to improve the 
heat treatment of metals in such processes as quenching, 
tempering, and carburizing. As a combined result of the 
large surface area and the thorough mixing of the particles, 
tiuidized beds possess impressive heat transfer capabilities. 
Consequently, the power generation industry has begun utiliz- 
ing this technology to create a new generation of heat 
transfer devices such as steam generators which efficiently 
Diiempoor Quality fuels while simultaneously yielding very 
low levels of harmful emissions. These devices are capable 
Peeburmame high sulfur coal, pelletizéd garbage, and even 
raw crushed shale, just as it comes from the ground. Another 


application is seen in waste heat recovery units which are 
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fluidized by the exhaust gases from Bo Ee oilers or 
gas turbines. The thermal energy which would otherwise 
have been wasted is transferred to a secondary fluid cir- 
culating through tubes emersed within the bed: This ye-= 
covered energy is then utilized to increase overall plant 
efficiency. [Ref. 4] 

The use of fluidized bed technology has expanded greatly 
in recent years as hundreds of new applications have been 
discovered, ranging from advanced ship propulsion plants to 
sophisticated solar energy conversion and Stomage de wugese 
As the utilization of these devices increases so does the 
quest for a better understanding of the many complex phenon- 
enon associated Wither lUurdnzat mone 

Fluidized bed research has been conducted throughout the 
world and more has been written aboutefluidizaeioneemane 
be read in a lifetime, however much remains to be learned 
in order to unlock the fulle potential cf (chisel 
process. This thesis” represents a mMO@est Qt Gene omic cmee 
the knowledge of fluidization in the area of heat transfer 


to vertical Glatt ptatesmin gas iiidezcaeepcidor 
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Il. OBJECTIVES AND METHOD OF APPROACH 


eee Oe nenal STATEMENT OF THE PROBLEM 

The bulk of fluidized bed heat transfer research conducted 
to date has been related to the study of heat transfer to or 
from objects immersed within the bed, particularly tubes and 
tube bundles. Comparatively little research has been done 
on the study of heat transfer to the walls of the containing 
vessel itself. In addition, a large majority of the test 
Bepenatus Utilized thus far to collect experimental data 
have been cylindrical in configuration. Very few studies 
have been conducted on heat transfer within rectangular 
fluidized beds; a geometry which is being used with increasing 
meecuency in a wide variety of applications. 

itempimimeciple Objective of this ™thesis was to gainea 
@meater Understanding of the heat transfer to the flat ver- 
Mmmeaieptates Which form the walls of a rectangular gas 
fluidized bed and to determine what effects, if any, varia- 
tions in bed geometry had on heat transfer performance. 

Pececoidar, Objective Was to study the variations in heat 
Meamsrer whieh Occurred as the fluidization gas flow rate 


was adjusted over a wide range. 


Peete Ob OF APPROACH 
ims minvestigatton was primarily experimental in nature 
eeleimyted ULllization of analytical methods for comparison 
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purposes. To acquire the necessary data erOme iia cuc acy ome 
computerized data acquisition system was linked to a network 
of up to 75 copper-constantan=thnermecoupmecminseal led amined 
specially instrumented and heated fluidized bed. This system 
was used to obtain a thermal "snapshot" of the test apparatus 
which showed the temperature at numerous key locations at 
a specific point in time. This data was then combined with 
measured values of input power and incoming air flow rates 
to. produce a calculated@heat@eaanster cecmaiei citer arcu 
mental data was obtained for a number of different air flow 
rates and bed conditions beginning with fixed bed fluidiza- 
tion and progressing through to the onset of entrained flow 
fluidization. Once data, had beem collected for the entipe 
range of flow rates, the bed geometry was altered by moving 
an adjustable side wall within the test apparatus so that 
the width of the rectangular bed was increased. Additional 
particles were then added towthesbedssosthat thes bed idea 
remained at the same level “asin tne prev leus  Gonti cura t mene 
The data collection process was then repeated in its 
entirety for the newseontreunatvonm, A total or four diteew 
ent bed geometries were studied in the course of this work. 
Over 5,700 temperature readings were recorded for cighty dime 
ferent test runs. All experimental data, including narrative 
comments regarding observed bed behavior were recorded on 
magnetic disks. The recorded data was automatically pro- 


cessed by computer and then printed out in such a manner 
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that bed performance for a particular test run was readily 
Soeperene. The calculated results for the individual runs 
were then analyzed to determine overall trends. 
Iieacddttion to the eat transfer investigation, an ex- 
perimental study of bed pressure drop characteristics was 
mouvamered for each geometric configuration in order to 
establish the paint of fluidization onset and to confirm 


pmeper Operation of the viluidizing apparatus. 
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III. EXPERIMENTAL APPARATUS ANDER OG Ure 


A. DESCRIPTION OF FLUIDIZATRON Aer eu. 

The fluidization apparatus Veonsma cede pean ecetincok a 
plexiglas box filled with 0-012 inmeh diameter silicasoia.. 
beads as shown in Figure 4. The box was equipped with a 
movable side wall whitch permitted the insidesdimensions so. 
the bed to be varied from 6.25 inches wide by 6 inches deep 
by 18 inches high to 24 inches wide by 6 inches deep by 18 
inches high. The movable wallewas equi ppedewieieme fc once 
which prevented the escape of beads through the ¢apepety. 4m 
the movable side wall and the fixed front and rear walls. 
0.5 inch thick clear plexiglas (grade GM) was used throvwam 
out the construction and all components were assembled usm 
plastic laminating cement with= wood Screw reinitcreemene= 
The floor of the apparatus also senved as etiewdm tributes 
plate whose function was to evenlyedistribave poem lovwen 
incoming air over the entire cross section of the bed. The 
distributor plate was constru@ged trom a plextolacesic 
with 0.125 inch diameter holes drilled 0°25) inehes ven Gola 
secured over this plate was a 140 mesh stainless steel wine 
screen to prevent the beads frometalling downeinco the nee 
and to provide an even finer dictntout)onmeus eae 

Located beneath the distributor plate was an air chamber 


or plenum which served tomensune thats tic wane ooo 
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the underside of the distributor plate was the same at any 
point. This was accomplished by first directing the incoming 
air through a 2.5 inch inside diameter pe mie ase dist, pore 
tube centered lengthwise within the 24 inch by 6 inch by 6 
inch plenum. This tube had 0.5 ineh diameger Holes wai ee 

on 1 inch centers on its underside and served to evenly direct 
the incoming alr downward over the entire Peneth of the plenum 
In order to prevent the escape of aizrswhenwthe bed was seem. 
figured to a width less than the 24 inch width of the distri- 
butor plate, the movable side wall wa weequi pope can art eed 
horizontal baffle plate whieh lalg@eieae over ene srepno meen. 
unused portion of the distributon@pieee. Oneo tne deca 
position of the movable wall was set, the baffle plate was 
securely clamped to the distributor plate and the edges were 
sealed with silicon caulking. After passing Barowcmer ne 
disitributor plate and »final ly@ehnem@bed = itselt (ipiicmaa cae 
alr escaped from the apparatus vid one Of Mio uemomecmaec 
plexiglas exhaust tubes positioned on the™top ep ene appa maggie 
These tubes were quipped with wire mesh coversmgosprevcntmmeae 
loss of glassSmpeagsadie es tomedmi onc. 

In order to measure the air pressure at various depths 
the apparatus was equipped) with Stdaure. pes sti oue no omepo sd 
tioned along the rear wall with 2 inch vertical spacing 
between centers. Additionally taps were installed juse 
below the distributor plate and immedidtelywadove 1c.) ego. 


taps were connected by flexible plastic tubing to a manifold 


ZS 


which permitted selective connection of the taps to a 
Meriam Model 33KA35 30 inch water manometer as shown in 
Paeure 5. 

The fluidizing apparatus was supplied with air from a 
Spencer axial flow turbo compressor rated at 500 SCEM. 
The fluidizing air was not filtered or dehydrated prior 
fementry. The volimetric flew rate of air entering the 
apparatus was measured by a calibrated Fisher and Porter 


flowmeter rated at 34 CFM. 


B. DESCRIPTION OF HEAT TRANSFER APPARATUS 

The test apparatus was equipped with two instrumented 
flat plate heater assemblies each measuring 5 inches wide 
by 10 inches high. These assemblies were mounted flush with 
the inside surface of both the movable side wall and the 
fixed side wall opposite it. Each heater assembly was 
powered by a Watlow strip Hen ee rated at 250 watts. The 
heater consisted of a grid of nickel alloy resistance wire 
embedded in a thin sheet of rubberized supporting material 
and backed by a 0.5 inch thick sheet of silicone sponge | 
rubber insulation. This insulation was in turn bonded to 
aU. @inceh thick clear plexiglas mounting block. The face 
of the assembly consisted of a 0.25 inch thick copper plate 
Hom@eednelis:i with the heating surface of the strip heater. 
In order to avoid the use of screws or other conventional 


attachment methods which may have altered or impeded the 
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Meats 2lOW from the strip heater to the copper plate, the 

- two were held together using a strongback arrangement as 
shown in Figures 6 and 7. This mounting method ensured 
that the strip heater was held firmly against the copper 
plate, thus helping to minimize thermal contact resistance 
between the two. To further reduce this resistance, a ther- 
mally conductive paste was applied to the heating surface 
Peamm@iceestrwme heater prior to positioning the copper plate 
over it. Power was supplied to the left hand heater by a 
Lambda regulated DC power supply model LK5345A, while the 
right hand heater was supplied by a Hewlett Packard DC 
power supply Model 6296A. Both power supplies were rated 
at 60 Volts and 2 Amps and were each equipped with an in- 
dividual voltmeter and ammeter. 

All thermocouples used in this apparatus were 10 gauge, 
ANSI Type T, copper-constantan, expesed junction type. Each 
heater assembly was equipped with twenty thermocouples 
arranged in five rows of four thermocouples each as shown 
in Figures 8 and 9. These thermocouples were mounted to the 
copper plate in such a manner so as to be least disruptive 
of the heat distribution patterns within the plate. The 
thermocouple junctions were soldered into small shallow holes 
drilled inte the back of the plates so that the top of the 
junction was flush with the plate surface. The thermocouple 
leads were then routed straight back through holes drilled 


impomene strip heater amd its mounting block. Figure 10 


SZ 


Heater 


i del ddd dhikddd die = 


| - MEIN ISSO hs 


« ris eddie ddd —~ | thé: 


Copper 
Plate 





Insulation 


SNS AS 





nm 


Plexiglas 


Backing 


4 fe - SBOE BEIMT IS ui 


Container 
Wall 


Pigume scr 


Ns, 


Heater Assembly Mounting Diagram; 


Thermocouple 


Wires 


Adjusting 


Screws 


Strongback 


Side View 





Seroneback Container 
Wall 
Plexiglas 
Backing 
Thermocouple = 
Wire 
Adjusting 
screw Copper 
Plate 
| 
| 
l 
4 fo |~—Plate 
| oe 
Retaining 
| Screw 
( 
| 
i 
| 
| 
| 
| 
° 
! 
| 
Figure 7. Heater Assembly Mounting Diagram; Rear View 


34 


TOP T(2) T(3) T(4) 


TS) TG) ee 


Ss t> o ° 


79) TCIO) Gai? TC2; 


° ° .> 8 


13). ECS) Fels) F016) 


° ° @ S| 


iG?) TGs eealcoe 1(20) 


°o ° ° ° 


NOTE: Arrangement is as Seen from within the 
bed (front view). 


Figure 8. Right Hand Heater Thermocouple Arrangement 
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Figure 9. Left Hand Heater Thermocouple Arrangement 
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Shows the thermocouple mounting procedure. X-ray photographs 
were used to determine the exact location of the resistance 
wires embedded within the heaters so as to avoid S Uist m2 
them while drilling the holes. This thermocouple arrangement 
made it possible to read the plate inside surface temperature 
immediately adjacent to the surface of the strip heater while 
causing minimum disruption of the heat flux patterns within 
Pie plate itself. | A determination of the plate outside 
surface temperature as seen by the bed was then accomplished 
Pyemeem>. Of Simple calculations as shown in section IIIE. 

The temperatures within the bed itself were monitored by 
15 retractable, 24 inch, stainless steel sheathed, exposed 
junction, Omega Engineering Type T thermocouple probes. The 
position of these probes was held fixed at a bed depth of 
merenes above the distributor plate for all data runs. The 
number of bed probes actually utilized depended on the geo- 
metric configuration being studied, as shown in Figure ll. 

Incoming air temperature was monitored by 3 retractable, 
4 inch, stainless steel, sheathed thermocouple probes posi- 
ironed within the air plenum as shown in Figure 12. Out- 
going air temperature was monitored by 35 similar probes 
mounted one each in the center of the 3 air exhaust tubes, 
Boeeomown in Figure 13. Because of the positioning of these 
tubes with respect to the movable side wall only one thermo- 
eg@uemvwas used to read the air outlet temperature for ail 


Gastar runs . 
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NOTE: Arrangement is as viewed from top front. 


Figure 12. Air Inlet Thermocouple Probe Arrangement 
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NOTE: Arrangement is as viewed from top front. 


Figure 13. Air Outlet Thermocouple Probe Arrangement 
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Figure 14. Right Hand Heater Mounting Block Thermocoupme 
Arrangment 





Figure 15. Left Hand Heater Mounting Block Thermocouple — 
Arrangment 
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Eeeomre 10. Right Hand Heater Sidewall Thermocouple Arrangement ; 
Rear View 
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Figure 17. Left Hand Heater Sidewall Thermocouple Arrangement, 
Rear View 
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Three insulated thermecouples were mounted to the outside 
surface of each of the plexiglas heater mounting blocks, as 
shown in Figures 14 and 15, in order to determine the mounting 
block outer surface temperatures. These temperatures were 
used to estimate the amount of heat lost through the back of 
the heater assemblies as explained in section [IIE. Theres 
couples were also mounted on the inside and outside surfaces 
of the plexiglas sidewalls, as shown in Figures 16 and 17, 
in order to estimate the losses to the atmosphere and to the 
bed itself from the thin plexiglas wall Strips ajc sueeee 
the edges of the heater assemblies. A final set of thermo- 
couples was mounted to the inside and outside supracesuce 
the container rear wall, as shown in Figure 18, in order to 
obtain an estimate of losses through the rear wall. Because 
of symmetry it was assumed that the losses through the front 
wall were identical to the rear wall losses. 

All thermocouples used in the test apparatus were sampled 
by an HP 3497A data acquisition system controlled by an HP 85 
desk top computer. This system was capable of sampling and 
storing the output of seventy five thermocouples within seven 
seconds. Because of the steady state conditions in existance 
during each of data runs, the seven second sampling time was 
considered brief enough to treat the thermocouple readings 
as through they had all been taken simultaneously. 

Once all of the thermocouples had been sampled, the HP 85 


retrieved the stored thermocouple voltages and converted them 
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to temperature values using equations previously developed. 
These temperature values, along with other stored parameters,. 
were then recorded on magnetic disks using a Hewlett Packard 
Model HP 82901M dual flexible disk drive. This recorded 

data was later processed and permanently displayed using an 
bemee 2055 printer and an HP 7225A plotter. 

Computer programs used to control data Wee Sie on and 
data processing are shown in Appendixes J and K, respectively. 
The arrangement of the heat transfer data collection and pro- 
cessing system 1s shown in Figure 19 while Figures 20 and 21 


show photographic views of the entire experimental system. 


Ge EXPERIMENTAL APPARATUS CALIBRATION 

The inlet air flowmeter was calibrated using an ASME 
Herschel-type venturi with an inlet diameter of 4.26 inches 
and a throat diameter of 2.13 imenes. Experimental data 
(shown in Appendix B) was collected for nine different data 
points and from this data, volumetric air flow rates were 
calculated using equations shown in Appendix H. A plot of 
air flowrate vs flowmeter reading is shown in Figure 22. A 
east Peeavés curve fit was applied to the data points to 
obtain a linear equation which converts flowmeter readings 
to air flow rates in CFM. This equation was then incorporated 
into the data reduction computer program shown in Appendix K. 
The rotameter calibration data shows that a 100% flowmeter 


reading equates to 34.0 CFM. 
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Figure 18. Rear Wall Thermocouple Arrangement 
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Figure 19. Heat Transfer Data Collection System Diagram 
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Thermocouples number 1 through 67 were calibrated using 
a Rosemount Commutating Bridge Model 920A and a Rosemount 
Calibration Bath Model 913A using Jligquid@nvtroceneamemniere: . 
The HP 3497A and the HP 85 were included in the system during 
calibration, as shown in Figure 23. Data was collected for 
twenty different bath temperatures and a Veast Squares @eiurve 
fit was applied to the data to obtain a fourth ordenepoly - 
nomial function for each of the thermocouples. The eons tangs 
from these functions were then incorporated into the data 
acquisition computer program shown In Appendix J tomamow 
automatic conversion of thermocouple outputs, 0 lea oemomeee 
perature, in degrees Fahrenheit. A sample of the calibration 
data in shown in Appendix D. 

Thermocouples number 68 through 79 were not calibrated 
but were instead assigned constants from the standard power 
expansion for Type T thermocouples. [Ref. 5] They were then 
compared in a water bath of known temperature to confirm 
Prope Pees rn aealone 

The water manometer used to determine static pressure 
drop within the bed was regularly rechecked for zero readings 


and was readjusted as necessary. 


D. EXPERIMENT ALS? RCGepu iat: 
Preparation for the taking of heat transfer data was 
accomplished by adjusting the movable side wall to the proper 


position for the geometry to be studied. The baffle plate 


5 Il 


was then clamped into position and the joints were sealed 
with silicone rubber caulking. This caulking was allowed 
to harden for a minimum of twenty four hours to ensure a 
leak tight seal. Carefully weighed quantities of glass 
beads were then added to the bed through the right hand 
air exhaust tube until the depth of the bed reached 12.5 
Tietes apove the distributor plate. The air supply turbo 
compressor was then lined up and energized. Following this, 
the air inlet control valve was opened and adjusted until 
the desired air flow rate registered on the flowmeter. The 
heater power supplies were then energized and adjusted to 
the desired level. 

The power supply controls were set so that the voltage 
going to each of the heaters was the same. Current into 
the heaters was determined by the resistance of the nickel- 
heating element which was in turn determined by the temper- 
ature of the heaters. Once the voltage was equilized, the 
bed was allowed to come to steady state conditions. Prior 
Mememe taking Of data, the system was checked for thermal 
ertoriim by monitoring the temperature at specific points 
using a special computer program which sampled thermocouples 
at five-second intervals. Once it was confirmed that the 
heater assemblies and the bed itself were at a steady tem- 
perature, the data acquisition program was initiated. At 
the beginning of the program the computer requested that 


‘the operator provide certain information regarding the data 
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run to be recorded. The first item of information requested 
was the run number. This number was structured so as to be 
as informative as possible. The first two digits represented 
the bed width in inches. These two digits were followed by 

a letter indicating which of the heaters was energized; "'L" 
designated left, "R" stood for right, and “B” desisnated been 
This letter was followed by two digits indicating the air 
flowmeter reading. Finally, a single letter was used for 
special purpose designations such as a repeated run without 
a change in configuration or flow rate. The next item of 
information requested by the program was the date and time. 
This was followed by requests for bed width and height, air 
flow rate, ambient temperature (read on a mercury in glass 
thermometer positioned near the test apparatus), voltage 
and current readings from the two power supplies to each of 
the heaters, the number of bed thermocouple probes in use, 
and the amount of bedwexpansion, 11 any bina oc emcmaal 
comments concerning observed bed behavior were entered. 

As the push of a button, all of the thermocouples were 

then sampled and the corresponding temperatures were then 
recorded on disc along with the other data entered from the 
keyboard. Once the recording process was completed, the 
system was ready toube@inman@m met = da Gait) enema ona 
run to be studied was for the same bed Configuration, ail 
that had to-be done was adjust the air flow rate to the new 


reading and wait for the temperatures to stabilize. In 


oho) 


pememea-es, the power supplied to the heaters was also ad- 
justed in order to maintain as large a temperature differ- 
ential as possible between the incoming air and the heaters. 
imeneer tO avo1d excessive softening of the plexiglas 
adjacent to the heaters, the maximum heater temperature was 
limited to approximately one hundred eighty degrees 
Fahrenheit. 

After data was collected over the entire range of flow 
rates for a given geometry, the caulking was removed and the 
movable wall was repositioned for the next configuration. 
iiemcmtmne data collection process was then repeated. In 
all, four different geometric configurations were studied. 
Pegewadtnis of 6.25 inches, 8 inches, 10 inches, and 12 inches 
were used. In addition, data runs were taken in the 6.25 
PieMimeonriguration with the bed empty. Data was also col- 
lected with the underside of the distributor to the left of 
the movable wall masked off as a check to see if the baffle 
Meeecmuas perrorming effectively. A total of eighty data runs 
fo—aemeonpletea Guring this study. Experimental heat transfer 
Setaeeasewell as calculated results are shown in Appendix C. 

Pressure drop data was collected for each bed configura- 
tion by aligning the valve manifold (shown in Figure 5) so 
Pitre Static pressure tap immediately above the distri- 
butor plate was connected to the 30 inch water manometer. 

The fluidizing air flow rate was then adjusted to the desired 


level and the pressure reading at the base of the bed was read 
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on the manometer and recorded. The manifold was then re- 
aligned so that the static pressure @tapeneca met iemro pms 

the bed housing was connected to the manometer. This read- 
ing was then read and recorded. By substracting this read- 
ing from that obtained at the base of "the beam omred 
pressure drop was determined. Pressure drop data was ob- 
tained in this fashion over the entire flow range for each 
of the bed configurations. During the pressure drop data 


runs, the power to each of the heaters was secured. 


E. EXRERIMENTAL DATASPROCESorNG 

All raw data was processed using an HP 85 desk top 
computer. The final results consisted of six pages of 
printed data for each run. The first page was a listing of 
experimental Conditions and comments recorded) dur in ase 
data acquisition phase of the study. 

The second page was a listing of all thermocouple out- 
puts and their corresponding temperatures .- 

The third page showed a temperature profile of the rigae 
hand heater surface as seen from within the bed. In addition, 
an average value of the thermocouple readings Gnec2cn ion 
zontal row was calculated and displayed. Thermocouple number 
four was found to be malfunctioning Sthsretoucmac Seomearar 
was disregarded. In a separate display, the average row 
temperatures were plotted against bed depth to show how the 


heater temperatures varied from top to bottom. 


The fourth page of the results printout showed the left 
emaieater temperature profile in a format identical to 
that of page three. 

The fifth page showed the temperature profile of the bed 
itself, as measured by the thermocouple probes immersed 
Within it. The profile is arranged as seen from above the 
ped - 

The sixth and final page contained the calculated results. 
iimtestirst value displayed on this page was the average heater 
temperature (T)). This value was a simple arithmetic average 


of the five horizontal row temperatures previously calculated. 


T, = {R(1) + R(2) + R(3) + RCA) + RCS)I/S (3.1) 


The average bed temperature ce Weer bariy calculated 


using the temperatures displayed on page five of the printout. 


Ty me) rem oiljo+ e572) + T(53) + 1(54) + 7(56) 


rs & Te OMUR OC SD) (Se) 
he—sduehest number bed prebe 
Wieweleetrical energy into the neater (q;.) was Calculated 


from the voltage and current measurements read off. The heater 


power supplies as shown below: 
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Btu ) 


a Tx Ex Use a ee 


Min : 
Vie 90 ee (3.3) 
An estimate of the heat less from the heater to the atmos- 
phere, through the heater mounting block Ole) was obtained 
as follows: First an average temperature Ce was calculated 
for the three thermocouples attached to the =omecy (sy el oemar 


the heater mounting block. 


= {T(41) + T(42) + T(43)}/3 (3 


v 


Next it was assumed that the thermal contact resistance 
between the copper plate and the strip heater was negligible, 
therefore the temperature of the Strip Neaten oie. 
equal to Th The contact resistance between the strip heater 
and the insulation was also assumed to be negligible. 

The heater insulation and mounting block was then con- 
Sidered to be a composite wall as shown in Figure 24. Fourveme 
Law of Conduction was then utilized to calculate the heat flux 


through the mountina wlcen 


mb (3. Su 


mb 
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Figure 24. Heater Assembly Temperature Profile 
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Next a convection heat transfer coefficient Clee fom 
the mounting block to the atmosphere was calculated using 


Newton's Law of Cooling. 


Iinb 
mba 


ib mb qT) 

Then an estimate was made of the heat lost to the atmos- 
phere from the hot plexiglas side wall sections adjacent te 
the side edges of the heater 6: ee This estimate was based 
on the side wall outer surface temperature and used Newtons 
Law of Cooling and the convectton heat transter Coctticiecm: 
previously calculated for the heater mounting block. Since 
the side wall sections and the mounting block were in such 
close proximity it was assumed that the coefficients would 
be in close agreement with one another. 


=h x A, aoa ve (3.78 


Isa mba 


A= 0.5 j 1 4g 
S ‘ nl oo. LT. [44 inz 


(one strip on each side of heater) 


a) 


A similar loss estimate was then calculated for the heat 
flux to the atmosphere fromthe side wall PeGthonsmadpacent to 


the top edge of the heater Kae) 





es) ae Xx A, x {ioe} = ced 3) 
, a Be 
A. =, URNS) slo Ci aigotee xe +S 
144 in™ 


Yet another estimate was then calculated for the loss to 
the atmosphere from the side wall section adjacent to the 


bottom edge of the heater Finca 


Iba ~ ane . Ay, x {T(71) - Td (3.9) 
(pee 
os 0.5 in. x 6 in. x ————; 
144 -in- 
All atmospheric losses were then totaled. 
4a ~ Imb ~ Gsa * Ita * Iba ny) 


ii eoetenenee between the electrical power input, dei? 
and losses from the heater to the atmosphere, Va» 1s the heat 
Mitemeuamsrerred to the bed. In order to identify that portion 
Mrmisretrred directly from the heated copper plate to the bed, 
an estimate of the heat flux from the heated plastic strip 


Surrounding the copper plate TOM bDedamiuct be made. | 11s 


is done by assuming that same heat transfer coefficient applies 
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to both the copper plate and to the pla@stwe ™Strip. Seeger 
selected was an iterative; wherein it was first assumed that 
the heat flux passed through the copper plate, from which the 
heat transfer coefficient was calculated. Using this coeffi- 
cient, the heat flux from the heated plastic strip was cal- 
culated which in turn yielded a new heat flux from the copper 
plate. The process was repeated until the heat flux values 
did not change significantly. Thus following this procedure 
the heat flux into the bed from the heater dep Was assumed 

to be equal to the incoming electrical power ded minus the 


losses from the heater to thewatmospmerne qo 


teb tei 9 ‘a (ool) 


Once the heat fluxes th rouc ne enemeop pe mae lear dep was known, 
the plate outside surface temperature i seen by the bed 


could be calculated. 


Gob * Pe 7 
tT, a ae ~ 9 as a : (3 .ab25 
z= eat 
Le. = 0.25817 aa <—) 
Ke= 232 = (0032 eee) Btu/Hr-Ft-°F 
7 , 1 Ft< 
ive = 5 in. Seon Crimi 


On 


Once the outside plate surface temperature was known, the 
convection heat transfer coefficient from the plate to the 


bed ee, sculasbe ca lenlated: 


q 
—— (3.13) 
A (1, - Ty) 


Usame the plate to bed heat transfer coefficient Chia) 
just determined, an estimate was made of the heat flux which 
meacmed the bed from the hot plexiglas strips adjacent to the 
heater sides (qo). 
= ah 


Pwirrareestimates were théemepreparcd for the flux entering 
miemped from the hot sidewall section adjacent to the top edge 
of the heater ca as well as the section adjacent to the 
bottom edge of the heater (a. p)- 


=h x A, <2 s)a Th Coes, 


tb cb 


(aig Le) 


Ul 


Gy = bay x Ay * Co 


The heat flux into the bed from all sources other than the 


heater plate itself were then added to obtain a total value 


(ap) > 
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eeesn chen Ss (5.17) 


The original copper plate heat flux value was then cor- 
rected to allow for that amount (dob? which did not pass 


through the plates. 
aA ab (S139 


It was then necessary to recalculate all of the parameters 
dependent on this value. This process was repeated in an iter- 
ative fashion until the calculated flux through the plate vara 
not change signficiantly. Once the iterative process had been 
completed, the final values were printed out and the entire 
calculation procéss was@hepedecd fon the ele? cena ndew eee 
The left hand heater calculations were similar to those used 
for the right hand with the exceptron™or variable siameowane 
thermocouple numbers. Because of a limitation on the total 
number-.of thermocouples which could be controlled sa varie 
HP 3497A, there were no thermocouples available to measure 
the inside and outside surface temperature of the plexiglas 
Sidewall section adjacent to the bottom edge of the left 
hand heater. This prevented @ene caleu lai ie ieee 
estimate based on a direct measurement. To compensate for 
this, it was assumed that the losses from the sidewall 


sections adjacent to the top and bottom edges of the heater 
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were identical to one another. Once the left hand heater 
computations were completed and the results displayed, cal- 
culations were begun on an energy balance. The objective 

was to determine the total amount of energy entering the bed 
and then compare that with the amount calculated to be leaving 
in order to validate the data and the calculations used. The 
first parameter to be determined was the density of the air 


within the bed 04: 


| Sees Vee 


S| Si a 
(T,+459.69) oe) 


a 


ae) 
il 


Ss) CRN AG ala hes 


—j 
i 


veo 


Since the air entering a aienicaied bed is known to assume 
the bed temperature within a very short distance of entry, 
the air outlet temperature was used as the bed air temperature. 
Ucaporthis) value of density, the amount of energy carried 


Out of the bed by the fluidizing air stream Colne was 


calculated. 
meetin Clans Tayi) Geo 
deals Wa Cap * 90 Min/Hr x 0.241 x Cre To.) (322 
ea ci (ieee: Cas rte 149) 2/3 
em Voy 


64 


The heat loss through the front and rear walls (depg) was 


then estimated. 


Only the rear wall was instrumented, however, . 


because of symmetry, it was assumed that the loss through 


the front wall would be identical. 


Gfra ~ 


feat 


mee 


om 


k oe x 4275) =e 
euitames’ = 2 ae (322m 
Le. 


08112 Peuy ar Eto 4e 


12.in, x W x Ge 


both front and Treamewal ice 


) x2 (to. ace omnes iton. 


Bed Width ¢ 


Oe Sys caliphs 


The total heat flux.leaving the bed q, was then calculated. 


It was assumed that the only flux paths out of the bed were 


via the front and rear walls and via the outgoin@ air Stream 


The side walls were considered to be at a Sufficiently elevaues 


temperature as to block the flow of heat outward from the bed: 


The floor of the bed was considered to be free of losses-since 


any heat passing through it would be returned to the bed by 


the fluidizing air stream as it passed through the distributor. 


Lo i Yoa . 


Vera (34253) 


The total energy into the bed from all right hand sources 


was then calculated (qu): This included bocmeteme alte 


5 


through the plate and the flux through the sidewalls 


adjacent to the heater. 


Shr tei ~ Ga (55.24 ) 


waomielar Caleulatton was perrormed for the left hand 
ole es (qy4) and then the total energy into the bed from 


all sources was calculated (qu). 
eee by!) ern 25) 


Mite surerr:icial gas velocity (Uj" (in Ft/Sec) was caleulated 


Ucames the following equation: 


ie ( il Min) 
y= — 99 Sec* (S226) 
a 


Z 
Ag “est reoieor Areas= 6 Im. x W x (rae?) 


The superficial gas mass velocity (G) was then calculated. 
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The final calculation of the program was the determination 


of the particle Reynolds Number (Re). 


op V D G x D 
Re = _ Pp = ons Pia (332m 


LSE COO) Se Mla. < ye 
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ss 2 
5290) pane [ba See aanes 


= 
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a 
32.174 Lbm-Ft/Lbf-Sec™ 
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3 OeiOee a Thelx Come. 
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Following the completion of this calculation the energy balance 
section of page six was printed out and thew roomie 


terminated. 
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ier DSRESENTATION AND DISCUSSION OF RESULTS 


eee LOW PATTERNS 

iMem=particle tlow pattermomooserved in the course of this 
study were in general agreement with those described in the 
literature for a bubbling bed. The particles moved upward 
hear the centerline of the bed as did most of the bubbles. 
Once the particles reached the surface of the bed they were 
thrown outward from the center and then proceeded to travel 
downward along the bed walls as shown in Figure 25. The 
Med OL preatest activity was roughly cylindrical in shape 
With the corner areas exhibiting considerably less particle 
motion. Observed particle stagnation regions are shown in 
Figure 26. No indications of channeling were observed visually 
at any time. At high fluidization flow rates in the narrow 
bed configuration, slugging was occasionally observed. This 
was characterized by the appearance of large bubbles and the 
sudden lifting of the bed surface to a level two to three 
mienes above its previous position. Once the bubble reached 
the top of the bed, the surface would suddenly collapse and 
Becomes former Leveleuntilsaene mext bubble appeared. 

iiempameucles withinerme bed were observed to behave in 
ametiomemuch like a viscous fluid. The layer of particles 
directly adjacent Bomthe walls Showed Titele, af any, move- 


ment. Because of their transparent composition it was possible 
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Observed Particle Circulation Flow Paths 
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Observed Particle Stagnation Regions 
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to observe that the next layer of particles was moving at a 
slightly higher velocity and that the third layer inboard 
was moving even faster. This movement was not steady but 
tendeebemocclm in Surges: If is possible that 4 Static 
eiarg@emeentributed to the "No slip" condition observed at 
the Weundary. After the fluidizing air flow was secured upon 
completion of a test run it was noted that numerous particles 
WerTC@emimotmestC the container walls in the weper portion of 
iC Lime tech Nctremmento eliminate this Condition, an anti- 
Std tte wt mime Wwasssprayed on thesupper portions of the bed walls. 
For a short period of time, the walls remained free of cling- 
ing particles, however, the effect did not last for more than 
[WO QG@umreinec darastuns. Following this, no further attempts 
were made to alter this phenomenon. Research by Miller and 
Logwinuk [Ref. 2] suggested that the presence of such a static 
charge could contribute to erratic heat transfer results, how- 
CVetm—EOumencepUrpOSse Of this Study @any attect was considered 
to be negligible. . 

Closer examination of the bubble flow path showed that 
many bubbles tended to originate from the left side of the 
bed near the bottom of the movable side wall. As a result, 
tnememmacmanstdtt Imsoverall particle activity to the left 
Of Ge weewmand aucouresponding adlteration of the quiescent 
zone near the bottom of the bed such that the majority of 


medemant particles were located in the™rirght hand corner. 
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This phenomenon was particularly noticeable in the wide bed 
configurations. An example of this off-center activity is 
shown in Figure 27. 

Examination of the apparatus revealed that a stream of 
alr was being injected into the bed from the area between 
emit tle plate and the distributor. Air from the inlet 
plenum was passing through the unused portien of the dis- 
tributor to the left of the movable wall. Once the air was 
through the distributor, further upward progress was blocked 
by the baffle plate and the sealed joints. There was however, 
a very thin horizontal passage between the baffle and the top 
CemcmemaiStributor as shown in Figure 28. The air flowed 
along this path until it emptied into the bed itself. Because 
of this "peripheral injection" there was an uneven distributicen 
emeelraizing air and a resulting shift in the center of activ- 
ity toward the left hand side. In order to determine the effect 
of this phenomenon an entire set of data was taken with the 
Mgmeed= portion of the distributor masked-off from the under- 
side so that no air could enter. During these ma’sked data 
runs it was observed that the bubble path was very well 
centered as was the quiescent zone near the bottom of the bed. 
All other data runs were taken with the distributor unmasked 
in order to study the difference in heat transfer performance 
between the two sides. A detailed study of particle cell 
flow patterns for this apparatus was presented by Morgan 


@ 


(Ref. 2] in 1981. 
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Pee PRESSURE DROP DATA 

Measurements were taken of the pressure drop across the 
bed for all flow rates and bed configurations. This data 
can be found in Appendix A. DlolSs Wemes cONStructed Grebe 
AE vs. LOG G for each bed configuration in order to study 
the variation in pressure drop with changes in the super- 
muetal Mass velocity. “These plots are shown in Figures 29 
through 52. An ideal pressure drop curve is shown in Figure 
Pee ot thesplots display the same basic characterpstics 
of the ideal curve in that the pressure drop increases 
Peercmmesuntil the point) of minimum fluidization (Ge) is 
meached .) From that point onward, the pressure tends to 
Hettetmmerelatively Constant despite further increases in air 
flow rate. This is because of the fact that once the bed is 
Pemeeedca, any further increase in the flow rate imparts an 
iiemecdsemm litt to the particles because of the viscous drag 
Force exerted on them by the moving air stream. As the lift 
increases, expansion of the bed occurs.and voidage (ce) in- 
creases. As the voidage increases, the interstitial spacing 
Detween the particles also increases. This results in a 
Geaterion of the interstitial gas velocity, which in turn, 
Mewerseeme drag exerted on the particles until the gravita- 
promaletorce and the lift are onge again in balance. AS a 
recur of the increased voidage, the pressure drop across 


piemiped remains Constant or may even decrease. 
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Examination of the pressure drop curve for the 6923 inenh 
configuration (Fig. 29) shows a deviation from ideal behavior 
in that the pressure drops shanpi wattcmercachina thespo im: 
of minimum fluidization. A pressure sdigoee ee ee seene ts 
normally associated with channeling. As indicated previously, 
no visual indications of channeling were detected, however 
it 1S possible Ghat “intermittent wemwanneving swaseeeine 
place. This type of channeling wowld bewdatircnuit tosdiitcon. 
entiate from rapid bubbling becauses thie Giammciedoe mmo n 
extend through the emtire deptn Ciwene Deduase 1 eugoesu 
"through channeling." An alternate explanation etor them@.op 
in pressure is the effect of particle interlocking whieh ns 
times manifests itself during the initial fluidization of a 
bed. It is noted that subsequent data runs did not demonstrate 
Such belay tame 

Based on the curve shown in Figure 29 the point of minimum 
fluidization for the 6.25 inch configuration c¢Céumned ataG—- i. mo 


Biyiyere ere 


(26% flow). It was-was noted the visual observation 
of fluidization onset occurred at the same air fiow rate as 
was prédicted Dyethis Clg 

The pressure drop curve for the 8 inch configuration 
(Fig. 30) is in very closevagreement with the ideatwcurve 
with no indications of channeling or slugging. Based on this 
curve the point of Minimum £¥ugdizat romeoccu7 yeduae G- loz 


2 


Lbm/Hr-Ft” (28% flow). Fluidization was visually cbserved 


to commence at io? Hen tie Ben (29% £row 
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The curve for the 10 inch contisuratien (Figo 
smoother than the previous configurations and matched the 


ideal curve closely except for a gradualedecress<.1 nee 


sure following fluidization onset. The reason for this 
decrease was not readily apparent. The “etryewshows (tae 
2 


fluidization commenced at G=148 Lbm/Hr-Ft™ (40% flow). 
The observed starting point of fluidization was also at 
40% flow. 

The 12 inch configuration curve (Fig. 52) was salesmen. 
smooth and similar to the ideal. Like the 10 inch curve, 
a slight decrease in differential pressure was moredmee en 
Starting poimtvet L£lutarzarironm (G_¢) indicated by the curve 


eH 1 Cis. syn teenie 


(48% flow). Fluidization was visually 
observed to commence at the same point. 

A combined graph showing the pressure drop curves for all 
four configurations 1s shown in Figure 34. With the vexceptiom 
of the 8 inch configuration, they show a slight gradual de- 
crease in the minimum fluidization superficial mass velocity 
(Ge) as the bed width is increased. A similar trend was 
observed by Morgan [Ref. 2] who attributed this to a reduction 
in the effect of the wall frictional dras asvay trae e women 
the overall drag experienced see tome ae 

The average bed pressune drop aeemi pn mame reac 
(P_¢) for all configurations was approximately 16.0 in. H,0 
or 0.577 psi. - Research by) Peivedaise oer Seen) meee aerate 


that the pressure drop derdss a fluted pea. temiicee uae 
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the weight of the bed material per unit cross sectional area. 
The settled bed density for the glass beads used in this ex- 
periment was 96 Lbm/Ft> which resulted in a weight-to-area 
ae momot Oe Ocal Lbm/In*. Thus, the pressure drop observed 

was Slightly less than the theoretical value. Recalculation 
of the weight-to-area ratio based on the expanded bed density 


yielded essentially the same results. 


@ STEMPERATURE DISTRISUTTON 

The temperature distribution across Cache tnewncaue, 
surfaces was examined for all data runs and two distinct 
trends were found to be evident. First; the four thermo- 
couple readings in any horizontal row were found to) Gen 
very close agreement with one another in all cases as shown 
in Appendix E. This even distribution of temperature hori- 
zontally across the plate suggested that the local rate of 
heat transfer from the plate was the same for any givem poaume 
along the plate surface at a given bed depth. This conclusion 
was based on the assumption that the heat flux into the plate 
was also horizontally uniform. The second trend observed was 
that there was a variation in heater temperature from the top 
of the plate to the bottom and that this "temperature profile" 
displayed a distinct and predictable change in shape as the 
air fluidization flow rate was increased. Figures 35 through 
44 illustrate these trends. At low air flow rates the point 
of greatest temperature was always at the top of the plate. | 
Moving downward, the temperature then gradually dropped in 


SO 


a non-linear but smooth fashion to a level approximately three 
to five degrees less than that observed at the tcp of the 
plate. Examination of the plots of temperature vs bed depth 
for the low flow rate runs showed all of the curves tc have 
the same shape with each curve displaying a positive slope. 
It was noted that as the flow rates increased, the slope of 
these curves became more positive until they assumed a ver- 
tical orientation and then reversed their slope to become 
megative. it was further noted that this slope reversal 
occurred at or near the point of fluidization onset. The 
change in slope of these curves meant that the peak tempera- 
ture within the plate was moving downward from the top of 
the plate toward the bottom as the fluidization air flow rate 
was increased. A possible explanation of such behavior lies 
iemene tact that prior to“luidization @nset jewhen the par- 
ticles were not in motion, the heater was primarily cooled 
by an upward flow of air from the distributor. Because of 
this upward flow path, the temperature of the heater tended 
to increase with an Mpwand Mie venecnemalome tne plate] “Once 
the bed was fluidized, however, a significant amount of 
cooling was then provided by the moving particles sweeping 
alome the plate surface. Sine the particles were moving 
downward along the wall a thermal gradient was introduced 
UNechwasmepposite to that caused My the upward flow of,air. 
The peak temperature within the plate would consequently be 


observed at the point where these two gradients met. If the 
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cooling due to the particles Was greater than thacepn ome 

by the upward air flew, the peak temperature would be found 
toward the bottom of the plate. Conversely, if the air flow 
cooling predominated, the peak temperature would be seen in 
the upper section of the plate. An increase in the fluidiza- 
tion air flow rate would provide more upward flowing cooling 
air while simultaneously increasing the downward moving 
particle acemane,. 

Experimental results showed thatean inenease fia po. 
rate caused the peak temperature to move downward.  dhasssuce 
gested that, as the flow rate was increased, the increase in 
particle cooling predominated over the increase in air cooling. 
The reason for this predominancewmay have been senate thea 
ticles had a much higher specific heat capacity. thant) oscuen, 
and a lower mean velocity. Consequently, they were able to 
remove a larger quantity of heat. Another possible cause for 
the particle cooling predominance as flow rates were increased 
was that the motion of the cooling air may have been altered 
once Gunneerlon commenced so that more of the upward moving 
gas was concentrated in the center of the bed. Although there 
was no objective evidence that this was occurring, it may have 
been that any increase in flow rate was merely diverted to 
the center of the bed and consequently did not increase the 
amount of cooling air available near the wall. 

Another trend which was observed while studying the heater 


temperature distributions was that as the bed width increased, 
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the shift in the orientation of the temperature curve became 
less pronounced. In the 6 inch configuration the peak 
temperature point moved from the top of the bed downward to 
MiemctysDOttom 4S tluidization activity increased. The 
maximum temperature differential observed between the top 
and the bottom of the plate was approximately 17 degrees. 
In the 8 inch configuration, the peak temperature point 
also transited down the entire length of the plate, however 
ifeamemcmcO dt a Slower rate than in the 6 inch configuration. 
The maximum top-to-bottom differential was essentially the 
same as that seen for the 6 inch bed. With the bed con- 
figured to the 10 inch width, the peak temperature did not 
move down the entire length of the plate, but instead stopped 
meweebeve l approximately 3 inches above the bottom edge. The 
shift in temperature orientation was even more gradual than 
in the 8 inch configuration. The maximum observed tempera- 
Meee tirerential wassapproximately ll degrees. While in 
the 12 inch configuration, very little change was observed 
in the temperature distribution as the flow rate was in- 
creased. The peak temperature shifted from the top of the 
plate to just above center, however the maximum temperature 
differential of 6 degrees was significantly less than that 
observed in the other configurations. 

In general, the right hand heater temperature distribu- 
tion proved to be more sensitive to changes in flow rate 


thomeedid the left hand heater. 
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A characteristic unique to the left hand heater was that 
immediately prior to commencement of the downward transit of 
the peak temperature point, the temperature differential 
between the top and the bottom of the plate suddenly increased 
to approximately three times its previous value. As the flow 
rate was further increased, this ditfterentiale abruptly, due 
back down to its former level. ThisS trema@ is Shown net tours 
40 through 43. It is believed that this fluctuation coum 
be related to a possible reorientation of air flow patterns 
as fluidization commences. This phenomenon was not evident 
in the right hand heater temperatures. 

Examination of the data in Appendix C shows that for each 
flow rate and bed configuration, the average temperature of 
the left hand heater was lower than for the right hand heater. 

In many cases, the “differencewin coolingeea tiem eee 
was quite Significant. During the data runs with tiem): cams 
butor masked-off, it was observed that the left and right 
hand heaters were being™ cooled to” dppr omimateu mele = calle 
degree, since the average heater temperatures were in close 
agreement with one another. 

The temperature profile of the bed itself, as measured 
by the immersed probes, showed a non-uniform distribution 
prior to the commencement of fluidization for all contisune 
ticns. The temperatures were flgmest sear) Clemence TS a. 
faces where particle heating was taking place by conduction. 


Because of the relatively low rate of heat transfer the 
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Figure 36. Right Hand Heater Temperature Profiles; 6.25 in. 
Masked Configuration 
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Figure 37. Right Hand Heater Temperature Profiles; 8.0 in. 
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Faemre 45, Left Hand Heater Temperature Profiles; 10.0 in. 
Configuration 


96 


5 30 y yy) ) 
GS / 
| 

WK 

Oo 

Q, 

| 

ie} 

Bo 

4 

Sa 

Y 

> 

Temp. 
50 Be 52R 54 a3 58 60 62 


NOTE: Numerical values represent flowmeter Teadincs saa. 
percentage of maximum rotometer capacity. 


Figure 44. bet tabanceteamer, Temperature Profiles ; 3) 2e Cie 
Configuration 
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temperature tended to decrease toward the center. Immediately 
upon commencement of fluidization, however, the temperature 
erstribution within the bed became Saeaielsy uniform and 
memetned So as fluidization flow rates increased. This was 
directly attributable to the thorough mixing induced by the 
fluidized particle motion. In most cases, the temperature 
Gmeenie OUtsoOing alrstream was within two or three of the 


temperature of the bed itself. 


Dee tend TRANSFER COEFFICIENTS 

In order to establish a performance baseline, data was 
Sewleeued for a bed from which all of the particles had» been 
removed and an average heat transfer coefficient of 3.8 Btu/ 
Heere = °F was calculated. All remaining runs were accom- 
plished with the apparatus filled to a settled bed depth of 
approximately 12 inches. The resulting heat transfer data 
Porediieruns 1s tabulated in Appendix C and plots of heat 
transfer coefficient vs. superficial mass velocity are 
Shown in Figures 45 through 53. Each of these plots demon- 
Strates the same basic trend in that initially, during low 
Gas elow rate conditions, the heat transfer coefficient was 
correspondingly low (approximately 4.5 Btu/Hr-Ft~-°F) and 
remained low until a flow rate approaching the minimum 
member 2at1onmesupertficial gmass velocity (G_¢) was attained. 
Baomeriis point onward, the heat €nansterm coefficient in- 
“creased ina roughly linear fashion as the gas’ flow rate was 


increased. 
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A second significant trend which was observed was the 
fact that the heat transfer coefficient for the left hand 
De@eetewds Significantly higher than for the right hand 
heater, particularly as the bed width was increased. In 
the wide bed configurations the heat transfer coefficient 
for the right hand heater showed very little improvement 
Mimseoponsc to an increase inuflowemate. With a) high 
height-to-width ratio (narrow'bed), the heat transfer 
coefficient for the left hand heater was roughly twice 
the value for the right hand heater at high gas flow rates. 
With a low height-to-width ratio (wide bed), the left hand 
heat transfer coefficient exceeded that for the right by 
peeeeeror Of 15 to 1. 

iMiemex<cchtroueto this trendsoccurred during the data 
memaccompii1shed with the distributor masked-off. Under 
this condition, the heat transfer coefficients for the left 
hand and right hand heaters were in much closer agreement 
With one another than in all other cases. The effect of 
masking the distributor was to increase the heat transfer 
Sermeareient for the rught hand heater by approximately 10% 
While simultaneously reducing the heat transfer coefficient 
for the left hand heater by approximately 25%. It would be 
expected that, with the distributor masked-off, the heat 
transfer coefficients would be the same for both the left 
hand and right hand heaters. Although there is a much 


closer match than in the unmasked configuration, it is 
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observed that the left hand heater still achieved higher rates 
of heat transfer. There are several possible explanations 

for this difference. The first of these is that the unused 
portion of the distributor may not have been completely sealed 
by the masking and as a result, some peripheral injection 
could have still have been taking place secondly = ee 
noted that there was a small amount of gas leakage past the 
movable side wall gaskets which may have altered the gas and 
particle flow patterns along the left wall) Fis eee 
may have altered the heat transteymeocr erence hee 

it is possible that the movable side wall may not have been 
perfectly vertical. Although care was taken to accurately 
position and secure the side wall, deviations from a true 
vertical orientation of as muéh as 1° are considered possipies 
Research conducted in the Soviet Union by Filippo ieee 
Baskakov [Ref. 7] has indicated that plate angle has a con- 
siderable influence on heat transfer eeer- etc s ee eae 

of the small angle involved™in this case, the Game 25a ea 

of this effect 1S not considered™@to be thespminei >) ceeauee 

Of the dittercneemin sentannanee between the @two. planes. 

A final effect which may have made a minor contribution to 
this difference is the fact that the losses from the heater 
backing to the atmosphere were lower for the left hand heater 
than for the right. As a resuligemere ome theme lect eqD 
energy going into the heater was directed) timome heel copper 


plate and on to the bed, thus resulting in a minor improvement 


ahs) 


miedo moedt transfer Coefficient. Because of the configura- 
tion of the apparatus, the left hand heater neues baboc k 
feawemelesed within the unused portions of the apparatus 
Pees because Of this, there was a stagnation of the air 
MimenesVICinity of the mounting block as well as an elevation 
of the local ambient temperature. These effects combined to 
Reaves the amount of heat lost through the mounting block: 
beedmse Of the specialized conditions which were found to 
peereemtear the lert hand wall, the performance of the right 
hand heater shall be considered as being representative of 
meeptecal flat plate. 

The magnitude of the heat transfer coefficients calculated 
Soeaerest1t Of this study were within the range of values 
found in the literature, however it should be noted that 
eiememis 2 Wide Variation in the coefficients found by 
other researchers due to the effect of differing bed sizes 
and geometries, particle size and composition, fluidizing 
gas properties, superficial mass velocities, and bed operat- 
iiceeemperatures . 

There is also a wide variety of empirical correlations 
Pemebaobe stor the prediction of heat transfeiecoefficients, 
however each of these serves, for the most part, only to 
describe the particular test apparatus and conditions from 
which they were derived. For this reason, no attempt was 


idem to £1t the data to the correlations Currently available 
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nor was an attempt made to develop a new correlation to 
describe the performance of the apparatus used in this 
experiment. 

A review of the literature shows that numerous researchers 
have observed heat transfer curves similar to that shown in 
Figure 34, This typical curve displays a peak heat transfer 
coefficient ( iseeee) at some optimum superficial mass velocity 
(Coot): Flow rates above this optimum value resulted in a 
reduction in the heat transfer coeftteient. Sets eee been 
attributed to the fact that as the voidage is increased, 
there is a point at which the beneficial cont 1 butronee. 
increased particle activities “Of eset (bye e 0a ee ee 
of reducing the solids concentration within the emulsion. 

In this study such an optimum flow rate was not achieved. 
It is believed that, due to the design of the fluidization 
apparatus, the range of gas flow rates was restricted by 
the relatively shallow "freeboard" region above the level 
of the settled bed. When the bed was undergoing active 
fluidization, particles within the "splash zone" reached 
the top of the container and blocked the air exit ports. 
This was believed to be taking place at gas flow rates 
below the optimum level. It is possible that a reduction 
in the settled bed depth and a consequent increase in the 
height of the freeboard region would permit higher super- 
ficial mass velocities and result in higher levels of heat 


transfer. 
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The difference in the level of heat transfer between 
the left and right hand walls is clearly related to the 
high level of cooling observed at the lett hand wall” 
This, in turn, is related to the large amount on parece 
activity observed to the left of center. The exact mech- 
anism of heat transfer which takes place at the wall cannot 
be stated with certainty. Although there are many theories 
as to the mechanism of heat transfer within a fluidized 
bed, the bulk of the models postulated to dadteuiamieeinns 
one of two broad categories. The first of these. 
proposes that the heat transfer is primarwdy throueea eo 
film adjacent to the heat transfer surface. The heat is 
transferred by steady State conduction through tne mame 
the downward moving particles. This film is kept thin by 
the scrubbing action of the solid particles whachmeoncue, 
contact with the surface. This reduction in@tne boomed, 
layer thickness is thought to be the key to achieving high 
rates of heat transfer. The second model theorizes that 
heat transfer is primarily by unsteady conduction te packoces 
which are made up of several solid particles grouped together 
for a short period of time. These packets aremerot mace 
be in contact with the heat transter surface forueml, sbraem 
periods of time before they move away from the surface and 
are replaced or “replenished” by fresh packets ay cmamenc steer 
there is always a high temperature ditterentivalebetwocmmem. 


surface and the packets and this, in turngeyiclds ayia 


aes 


Seicaeetrenster. A Significant factor shared by both 

the packet model and the film conduction model is that 

Bio yeooth rely on the free motion of particles to effect 
Nigh rates of heat transfer. It is believed that ime 1S 
epparaeus a high level of particle activity near the wall 
Promotes the frequent exchange of particles from*within the 
bed core where it is comparatively cool. As the frequency 
of particle or packet replenishment increases, the tempera- 
ture differential between the wall and the particles also 
increases. This, in turn, increases the overall heat transfer. 
Momyersely, when there is comparatively little particle activ- 
ity near the wall, the replenishment rate is low and the same 
feaepeles remain in Contact with the hot wall for longer 
periods of time as they move downward. Because of the long 
residence time, the temperature differential is diminished 

puamet ne Neat transfer coefficient is reduced. In this study, 
the level of particle activity near the right hand wall was 
Pommaratively low and so was the heat transfer coefficient. 
A’study of the temperature profiles eoneie rine wane Late 
shows a steady increase in plate temperature with a downward 
meer Vertical position. his profile is consistent 

Pach tiatmexpected for long particle residence times since 

the downward moving particles would experience a steady in- 
crease in temperature as they approached the bottom of the 
plate. It is noted that when the configuration of the bed 


Heomtaleeand narrow, the bubble flow path is very close to 
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the bed walls. This causes a high degree of particle activity 
- near the wall and a corresponding increase in the particle 
replenishment rates) As thembed heienht-te-id enema 
decreased by increasing the bed width) @enhembupp le wt lovoae 
moves further away from the wall. This causes ay reduecuon 

in the amount of activity near the ywal leangeascorrespandaae 
decrease in» the replenishment tare nase secilacton 1 cman 
Sistent with thewobserved reduction in heat transfer coef- 
ficient as the bed width was increased. Conversely, the 
amount of actiwaty seen by the lett hand plateswas scenes. 
tently higheds=a result of sthe wpe ripiheraieeinie ar) Onsen 
describedwprevicusly. Whe degree of activity sandeeotseqte mam 
the heat transfer coefficient, remained unaffected by an in- 
crease in Ded wid@h. Jn addition =the heater seem ae. 
profile showed no sharp transit lon@srom top tambo trons 
indicating that the  sarticle vesic@ence fice was menses 

Based on the findings of this study, it may be concluded 

that peripheral injection 1S 4m Crrective meamemens pone tue 
particle activity or turbulence abone thesia) Se enc secon 
tainer. The idea of turbulence promoters in fluidized beds 
is not a new one. Early researcheby the Babeock and Wileom 
Company {Ref. 8] included thevuse of Spiral, shapeastrip. 
to create a rotational motion which forced the solids toward 
the walls by centrifugal force. ~The result was a sigmiitireeee 
increase in heat transfer (@gRecentl) Sockolo, Beige ces 


in the Soviet Union studwed@the use ereaneied louvers > 


TAeS 


positioned within the bed in order to redirect the motion of 
the particles outward toward the walls, thus destroying the 
eeaemane layer which was insulating the surface. The result 
was a marked improvement in heat transfer performance. 
Although more study is obviously warranted, the use of pe- 
popaeral injection would appear to offer benefits similar 
to other enhancement techniques while eliminating the need 
Pieem- wed Structures which occupy valuable space and which 
Beowuere periodic replacement as a consequence of particle 
Sereoton. in addition, the amount of turbulence created at 
the wall by the injection technique could easily be adjusted 
to optimum levels by controlling the flow rate of the in- 
jection gas. Such a system could be used to offset the low 
rates of heat transfer at the walls of wide fluidized beds. 
As discussed previously, an energy balance was conducted 
in order to confirm the validity of the numerical results. 
The results of this energy balance were disappointingly 
booms im most cases, the measured heat flux leaving the 
bed with the outgoing airstream was found to be only half 
Of that calculated to be entering the bed via the electrical 
heaters. It is believed that the disagreement was primarily 
due to incorrect measurement of the fluidizing gas flow 
rate. Despite the poor energy balance, the conclusions 
reached as a result of this study are considered to be valid 
since they were based on observed trends rather than on the 


magnitude of specific numerical results. 
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V. CONCLUSIONS AND RECOMMENDATIONS 


A. CONCLUSIONS 

Based on the experimental results of this study the 
following conclusions may be drawn: 
1. The plate@to-bed heat transfer Goctrleronieo cee 
vertical plate» serving as a contaimingewal) “deerea com an 
a decrease in the bed height-to-width ratio. 
2. The plate=to-bed heat transfer icecream t gmereca 
with an increase in superficial mass velocity above the mini- 
mum required tO Inmtlate =f lo rdaredenene 
5. The plate-to-bed heat transrer eoerrilement hema iaicesci wee 
and relatively constant at superficial mass velocities below 
the minimum required to initiate fluidization. 
4. The plate-to-bed heat transfer coefficient increases 
with an increase in the particle activity or turbulence in 
the Vicim@ty of@ene wai 
9. the particle turbulence Wear ime mien tie loa 
consequently the heat transfer coefficient, may be enhanced 
by the injection of air from beneath the plate in a direction 
perpendicular to the primary fluidizing air flow path. 
6. The temperature profile of a vertical flat plate may be 
used to provide insights as to the nature of particle activity 


in the vreinvtGy, of ete piace 


ley 


we ites pertiele flew pattern withim a rectangular fluidized 
bed is in very close agreement with that described in the 
literature for cylindrical fluidized beds with upward motion 
Pee Particles taking place along the centerline o£ the 
container and downward return flow of the particles taking 
Meetee along the periphery. 

8. Slugging or heaving of the bed was more prevalent in the 
narrow bed configuration as opposed to the wide bed configura- 
tion where this phenomenon was not observed. 

a urdrzed Ded particle motion along a non-moving boundary 
fiiceemes the pDehavior of ay viscousmfiluid inythat as‘noe=slip" 
Some@r1tion is observed. 

10. The bed pressure drop characteristics for a rectangular 
moat zed bed match those found in the literature for a cy- 
meneibeal fluidized bed in that the pressure drop across the 
Pecmeimereases Linearly with an increase in air flow rate 
Pipiiecie point Of Pluidization onset. Once fluidization 
ies Commenced, the pressure drop remains constant. 

11. The temperature of the heater surface at a given depth 
PoteimiomecOnStant £Or any point in a horizontal direction. 
12. The bed temperature will assume a uniform temperature 


arstripltion once fluidized. 


B. RECOMMENDATIONS FOR FURTHER STUDIES 
In order to better pursue the ojbectives of this study at 
sometime in the future, the following recommendations and/or 


swecestlons are made; 


Wks: 


1. Replace the three circular air exhaust tubes on the top 
of the fluidization “apparatus with a rectangular exhaust 
port which runs the entire™twenty-10ur simen lene chee tmane 
bed. This would provide a non-restrictive exit path for 

the fluidizing air which would minimize the amount of swirl- 


ing and mixing in the region above the bed. 


2. Repair severed wire on thermocouple #715. 

3. Replace malfunctioning thermocouples #4 and #40. 

4. Install a minimum of four new thermocouples to monitor 
air exit temperature. As present onige one thermecounieses. 


be used for this purpose (T(55)) for bed configurations of 
iZeasteiee Me SurOnmmnle sis: 

9. Provide a more positive means of securing the baffle 
plate to the distributor plate so @s to preventelcat se. 
the bed. 

6. Install a bypass valve aroUnd the existing aimeinlereesa. 
trol valve to permit fine adjustment of fluidization flow rates. 
7. Install two additional thermocouples in the left hand 
movable wall 1/4 inch below the bottom of the heater in 
order” to obtain a more accurate estimate ot waltelos oe 

8. Install two additional thermocouples in the front wall 
of the bed so as to obtain a more accurate estimate of wall 
lessese 

9. Substitute the existing power supplies with units, whieh 
are capable of providing additional current and which are 


equipped with controls to vary power as well as voltage. 


119 


ites woula permit equalization of input power to the two 
heaters and allow the desired temperature differential 
between the plate and the bed to be maintained. 

10. Install a movable wail in the air plenum beneath the 
Teeremputor plate so that the flow path followed by the in- 
Bommme edly 1S identical for the left and right sides. 

ee ctor tO the commencement of future data runs, apply 
caulking material to the movable side wall so as to prevent 
Meakage Of fluidizing alr past the gaskets. 

Memeo ity the tluidization apparatus so that a controlled 
amount Of injection air may be applied to each of the heater 
plates. Such a modification would permit additional study 


of the effects of the peripheral injection phenomenon. 


te CLOSING REMARKS 

Gas fluidization is a fascinating process which promises 
moeerovide agmultitude of beneficial applications. Full 
enjoyment of the potential which exists depends on a more 
complete understanding of the many complex phenomenon 
Geoeetarecd with fluidization. It is heped that this thesis 
has, in some small way, contributed to that understanding 
or helped to stimulate additional thought and research in 


this exciting field of study. 
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APPEND T= Be 


EXPERIMENTAL ROTOMETER CALIBRATION DATA 


Z*ROTOMETER CALIBRATIONX* 
ASME HERSCHEL-TYFPE VENTURI 
4.26/2.15 IN DIA 


20 PERCENT READING 


See ae ae Se Seb at 8 SE SSS a ce as ee Se 


XXEXPERIMENTAL DATAXK 


ATMOSPHERIC PRESSURE = 27-/509710 there 
VENTURI INLET TEMPERATURE = 72.9 DESe 
VENTURI INLET STATIC GAGE PRESSURE = 10.70 IN H20 
VENTURI DIFFERENTIAL PRESSURE = O10 IN ReEepeeit 
SPECIFIC GRAVITY OF RED OIL = 2854 


XXCALCULATED VALUES** 


ATMOSPHERIC PRESSURE = ee = Pigs ha) it 
VENTURI INLET GAGE PRESSURE = »-28654 PSI 
VENTURI INLET ABSOLUTE PRESSURE = 14, 25752 ol 
VENTURI DIFFERENTIAL PRESSURE = - 00030 FSI 
VENTURI INLET AIR DENSITY = «972350 ESBM/-TS 
VENTURI PRESSURE DROP RATIO (X) = 90002 
EXPANSION FACTOR (Y) = 1.90 
ASSUMED REYNOLDS NUMBER = S000 
DISEHARGE CEEPFICITE ave = — . 889 
VELOCITY OF APPROACH FACTOR (&) = Ws Qk) S 18) 
FLOW COEFFICIENT. (a - 51s 
AIR MASS FLOW RATE = -O1021 LEM? SEC 
ATR VOLUMETRIC FLOW RATE = ‘ 8.469 CFM 
VENTURI INLET REYNOLDS NUMBER = 3002 


oes, 


X*XROTOMETER CALIBRATION**x 
ASME HERSCHEL-TYPE VENTURI 
4.26/2.13 IN DIA 


2s PERCENT READING 


*XEXPERIMENTAL DATAXKx 


ATMOSPHERIC PRESSURE = ZT To? VOR NG 
VENTURI INLET TEMPERATURE = 72. 9 SoS oe > 
VENTURI INLET STATIC GAGE PRESSURE = 12.35 IN H20 
VENTURI DIFFERENTIAL PRESSURE = 2911 INSReD eee 
SeectrFi€ GRAVITY OF RED OIL = » 834 


*XCALCULATED VALUESK* 


ATMOSPHERIC PRESSURE = 14.6259 PSI 
VENTURI INLET GAGE PRESSURE = -44514 PSI 
VENTURI INLET ABSOLUTE PRESSUFE = 14.17972 PSI 
VENTURI DIFFERENTIAL PRESSURE = .Q00355 PSI 
VENTURI INLET AIR DENSITY = .07200 LEM/FTS 
VENTURI PRESSURE DROP RATIO (X) = .00002 
EXPANSION FACTOR (Y) = Oo 
ASSUMED REYNOLDS NUMBER = 3150 
DISCHARGE COEFFICIENT (C) = .891 
VELOCITY OF APPROACH FACTOR (EE) = 1.03280 
FLOW COEFFICIENT (K) = ~PI9TO 
AIR MASS FLOW RATE = .O1070 LBM/SEC 
AIR VOLUMETRIC FLOW RATE = 8.916 CFM 
VENTURI INLET REYNOLDS NUMBER = BLa7 
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XXROTOMETER CALIBRATIONK* 
ASME HERSCHEL-BYFPE VENTURI 
4.26/2.15 IN DIA 


SO PERESNhoae? NG 


XXEXPERIMENTAL DATAX* 


ATMOSPHERIC FPRESSURE = 27.7691 Cate HG 
VENTURI INLET TEMPERATURE = 722 Ocoee 
VENTURI INLET STATIC GAGE PRESSURE = 14.75 IN H20 
VENTURI DIFFERENTIAL PRESSURE = ~-O1S IN REDaSIL 
SPECIFIC GRAVITY OF REDS=Gre = ~ 834 


KXCALCULATED VALUES 


ATMOSPHERIC PRESSURE = 14.6259 PSI 
VENTURI INLET GAGE PRESSURE = 255284 PSI 
VENTURI INLET ABSOLUTE PRESSURE = 14.99302 PSI 
VENTURI DIFFERENTIAL PRESSURE = .00045 PSI 
VENTURI INLET AIR DENSITY = .07156 LEM/FTS 
VENTURI PRESSURE DROP RATIO (X) = . 00005 
EXPANSION FACTOR (Y) = 1.00 
ASSUMED REYNOLDS NUMBER = S700 
DISCHARGE COEFFICIENT (C) = 895 
VELOCITY OF APPROACH FACTOR (‘(£) = 1.03280 
FLOW COEFFICIENT (K) = Biola ea 
AIR MASS FLOW RATE = 2.01252 LBAM/SEC 
AIR VOLUMETRIC FLOW RATE = 10.497 CFM 


VENTURI INLET REYNOLDS NUMBER 2682 


ee! 


KKXROTOMETER CALIBRATION«X* 
ASME HERSCHEL-TYPE VENTURI 
-26/2.13 IN DIA 


3S PERCENT READING 


XXEXPERIMENTAL DATAXK* 


ATMOSPHERIC PRESSURE = 29.7071 9O0 ITN eG 
VENTURI INLET TEMPERATURE = 7259 SOC Geer 
VENTURI INLET STATIC GAGE PRESSURE = 17.50 IN H20 
VENTURI DIFFERENTIAL PRESSURE = 2-020 INeReED e@hL 
SPECIFIC GRAVITY OF RED OIL = ~8354 


*XCALCULATED VALUES** 


Smireoridzmtc PRESSURE = bames2e7 FS! 
VENTURI INLET GAGE PRESSURE = » OSS aPS I 
VENTURI INLET ABSOLUTE PRESSURE = me. 979367 FS! 
VENTURI DIFFERENTIAL PRESSURE = sCUOSG => I 
VENTURI INLET AIR DENSITY = Bemis Tea e nS 
VENTURI PRESSURE DROP RATIO (X) = » 90004 
EXPANSION FACTOR (Y) = bee) e) 
ASSUMED REYNOLDS NUMBER = 42350 
DISCHARGE COEFFICIENT (C) = Km beded 
VELOCITY OF APPROACH FACTOR (&) = 1.035280 
meww COEFFICIENT (K) = me 7 
ATR MASS FLOW RATE = -91446 LEM/SEC 
AIR VOLUMETRIC FLOW RATE = ieee erm 
VENTURI INLET REYNOLDS NUMBER. = 423535 


eae 


XXROTOMETER CALIBRATION** 
ASME HERSCHEL shy PES VEMGUR I 
4.26/2.15 IN DIA 


40 PERCENT READING 


XXEXPERIMENTAL DATAXxX 


ATMOSREES TERE SSsuRe = 27. (67M Nero 
VENTURI INCET TEMPERATURES= a@r DEGe F 
VENTURI INLET STATIC G@GE PRESSURE = 20.50) [Neeee 
VENTURI DIFFERENTIAL PRESSURE = -O25 INeRERSe TE 
SPECIFIC GRAVITY GF RED oleae 28:24 


XXCALCULATED VALUES** 


ATMOSPHERIC PRESSURE = 14.6259 PSI 
VENTURI INLET GAGE PRESSURE = e7aan4 PSI 
VENTURI INLET ABSOLUTE PRESSURE = 13.89252 PSI 
VENTURI DIFFERENTIAL PRESSURE = .00075 PSI 
VENTURI INLET AIR DENSITY = 07054 LBM/FTS 
VENTURI PRESSURE DROP RATIO (xX) = 00005 
EXPANSION FACTOR (Y) = 1.00 
ASSUMED REYNOLDS NUMBER = 4750 
DISCHARGE COEFFICIENT (‘C) = ~901 
VELOCITY OF APPROACH FACTOR (E£) = 1.035280 
FLOW COEFFICIENT (kK) = 293986 
AIR MASS FLOW RATE = 91616 LEM/SEC 
AIR VOLUMETRIC FLOW RATE = 13.744 CFM ~ 
VENTURI INLET REYNOLDS NUMBER = 47353 


29 


XKXROTOMETER CALIBRATION * 
ASte Ser Sstlage tre] VENTURI 
4.26/2.15 IN DIA 


45 PERCENT READING 


ee oS ee ee 


KXEXPERIMENTAL DATAXX 


fPie@oedaetc PRESSURE = 2927S I7LOR LN URG 
VENTURI INLET TEMPERATURE = Pe Oe oar 
VENTURI INLET STATIC GAGE PRESSURE = 24.30 IN H20 
VENTURI DIFFERENTIAL PRESSURE = noo) SNORE er 
SeeeiFiC GRAVITY GF RED OIL = 854 


KXCALCULATED VALUES«% 


PeoercniC PRESSURE = Ne eo Papal hy) Sl ay g 
VENTURI INLET GAGE PRESSURE = ~o7 ote ot 
VENTURI INLET ABSOLUTE PRESSURE = Be. 74802" FrsI 
VENTURI DIFFERENTIAL FRESSURE = SONOS sy 
VENTURI INLET AIR DENSITY = meove lt EBM Zed 
VENTURI PRESSURE DROP RATIO (X) = - 90007 
EXPANSION FACTOR (Y) = i OO) 
ASSUMED REYNOLDS NUMBER = 3S00 
Pech ARGE COEFFICIENT (C) = » 704 
VELOCITY OF APPROACH FACTOR (&) = 1.93280 
FLOW COEFFICIENT (kK) = © 73565 
AIR MASS FLOW RATE = nie? Ten EM Sec 
ATR VOLUMETRIC FLOW RATE = Fe eS 
VENTURI INLET REYNOLDS "NUMBER = Ses 3 
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XXROTOMETER CALIBRATION 
ASME HERSCHEL-TYPE VEMIieRI 
4,26/251S5 IN bie 


30 PERCENT READING 


SSE SS Se ee ee CE Sa ae ee eee eee ee 


XXEXPERIMENTAL DATAX* 


ATMOSPHERIC PRESSURE = 29.7691 Ge DhieHa 
VENTURI INLET TEMPERATURE = 72.0) DEG F 
VENTURI INLET STATIC GAGE PRESSURE = 27.350 IN H20 
VENTURI DIFFERENTIAL PRESSURE = ©9037 IN RED OIL 
SPECIFIC GRAVITY GF RED Ola 834 


KXCALCULATED VALUESXx 


ATMOSPHERIC PRESSURE = 14.6259 PSI 
VENTURI INLET GAGE PRESSURE = -98621 PSI 
VENTURI INLET ABSOLUTE PRESSURE = 13.63965 PSI 
VENTURI DIFFERENTIAL PRESSURE = .COL11 PSI 
VENTURI INLET AIR DENSITY = .06926 LEM/FTS 
VENTURI PRESSURE DROP RATIO (X) = .20008 
EXPANSION FACTOR (Y) = Jeet 
ASSUMED REYNOLDS NUMBER = 5750 
DISCHARGE COEFFICIENT (C) = ~ 906 
VELOCITY OF APPROACH FACTOR (E£) = 1.03280 
FLOW COEFFICIENT (kK) = ~93592 
AIR MASS FLOW RATE = .01958 LBM/SEC 
AIR VOLUMETRIC FLOW RATE = | 16.967 CFM 
VENTURI INLET REYNOLDS NUMBER = 5760 
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AXROTOMETER CALIBRATION 
ASME HERSCHEL-TYPE VENTURI 
$.26/2.13 IN DIA 


sw PERCENT READING 


AXEXPERIMENTAL DATAXKX 


ATMOSPHERIC PRESSURE = 272-/6710 IN He 
VENTURI INLET TEMPERATURE = UPaRO SES 
VENTURI INLET STATIC GAGE PRESSURE = 31.85 IN H20 
VENTURI DIFFERENTIAL PRESSURE = -9044 IN RED OIL 
SeeelFrIe GRAVITY GF RED OIL = » 854 


*KXCALCULATED VALUES*X 


Seon restc PRESSURE = Poe Se | 
VENTURI INLET GAGE PRESSURE = De SOI e. Pot 
VENTURI INLET ABSOLUTE PRESSURE = tS. o/7o2oer o | 
VENTURI DIFFERENTIAL PRESSURE = POO TSS ae ST 
VENTURI INLET AIR DENSITY = »~O6842 LEM/FTS 
VENTURI PRESSURE DROP RATIO (X) = 200010 
EXPANSION FACTOR (Y) = re OO 
ASSUMED REYNOLDS NUMBER = Pi) 
ProcmaArRGe ECGEFFICIENT («€) = = Gee 
VELOCITY OF APPROACH FACTOR (EE) = 4 eeeeehe 
memw COSGEEICIENT (kK) = 2 FSBSO 
AIR MASS FLOW RATE = pi OR) SH) 
AIR VOLUMETRIC FLOW RATE = 18.662 CFM 
VeMPrURIT INGER REYNGLDS NUMBER = 62o7 


sg) 4 


KXKROTOMETER CALIBRATION«* 
ASME HERSCHELSTYEE VeNguR I 
4.26/2.13 IN DIA 


60 PERCENT READING 


XKEXPERIMENTAL DATAXKX 


ATMOSPHERIC PRESSURE = 27./GmeO, IN VAG 
VENTURI INLET TEMPERATURE = 72. O9DEG. F 
VENTURI INLET STATIC GAGE PRESSURE = 37.00 IN H20 
VENTURI DIFFERENTIAL PRESSURE = ~JSG1l, IN BRED Glee 
SPEEIFIC GRAVITY Or RED Verte — © 834 
KXCALCULATED VALUES** 
ATMOSPHERIC PRESSURE = 1466250 (Pot 
VENTURI INLET GAGE PRESSURE = 1.35663 PSI 
VENTURI INLET ABSOLUTE PRESSURE = 1S. 26726 Bot 
VENTURI DIFFERENTIAL PRESSURE = ,O0O1S4 Fal 
VENTURI INLET AIR DENSITY = -96748 LBM/FTS 
VENTURI PRESSURE DROP RATIO (X) = ~90012 
EXPANSION FACTOR (Y) = 1.900 
ASSUMED REYNOLDS NUMBER = 5700 
DISCHARGE COEFFICIENT (C) = el 
VELOCITY OF APPROACH FACTOR (E) = 1. OS220 
FLOW COEFFICIENT (K) = © 940036 
ATR MASS FLOW RATE = -O2Z2280 aM sec 
AIR VOLUMETRIC FLOW RATE = 2nd 7 eel 
VENTURI INLET REYNOLDS NUMBER = 6707 
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APPENDIR eae 


SAMPLE THERMOCOUPLE CALIBRATION DATA 


THEFIOCOUPLE # 14 
5 eet a ee Se So 
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APPENDIX E. 


SAMPLE HEAT TRANSFER DATA REDUCTION COMPUTER PRINTOUTS 


Non-fluidized 6925 in. COnewzuraa one 


XXEXPERIMENTAL DATAXX 
RUN # O6B820 
06/08/82 - 0425 


RUN NUMBER = O6B20 
BED WIDTH = 6.25 INCHES 
STATIC BED HEIGHT = 12.5 INCHES 
AIR FLOW RATE = 7.29 CFM 
AMBIENT TEMPERATURE = 74.50 DEG F 
RIGHT HEATER VOLTAGE = 44.0 VOLTS 
RIGHT HEATER CURRENT = .82 AMFS 
LEFT HEATER VOLTAGE = 45.0 VOLTS 
LEFT HEATER CURRENT = 1.00 AMPS | 
BED EXPANSION = ~ 0.0 INCHES 


COMMENTS: NON-FLUIDIZED/NON-EXPANDED 
BED WITH SMALL LOCAL SPOUT AT 190-190 
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XXEXPERIMENTAL DATAXK* 
RUN # O6R20 
Noy (Soa sre 


(Henne ees aR eeeiNGs 


TC# Gi Baa 


(mV ) 


SMe 
(DEG F) 


OUTPUT 
rm ) 


TEME 
(DEBE 


TC# 


OOON OM PHN 


hae Sp care eet po | 
we wl) ee 
wenn a 
ee Oe 
7 oo 
ES 


St GE 
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174.3535 
174.76 
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ee. ©) 
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a7 oo 
22 087 
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1235.54 
aS ane 
Ne Be es 


Ey er es os 42 Bie Ne rs a 
a ROG 174.81 46 PO GS 120.34 
eo S45 ee Oe 47 a 7 ie ay 
256s 7a 7 3 48 eee Cao. 
ese i. oS 49 a! 73246 


1 By ce 1746 17 Se) 1.430 96.22 
11 ene le, 174.07 nal 1.408 oo NO 
12 ols 173.94 pa Le Biss oe: Seen 
io 2.2/8 iy! Rye cal Sa 752 a4 
14 Re Aisle Pye = oO 34 -748 Boot i 
a RRR Pee Te az) lig OE 86.16 
16 ae oe 172.60 at) eer ae 
ey Sook) 170.36 af 1.417 Shed eon BE 
18 ee ey A Pad a 68 2, OSS iets 2 
19 es 17s ee 69 22485 140.40 
eet) Ei ye 7 oO sae Zo We See Se EA: 
2 Sales fooce o> we a ae ae 
ee LAE CES 166.51 Fa 1.890 tis. ae 
5 ier Lay 166.26 rs ey Pe eee 
24 Des: 166.33 74 _ Se 743.27 
Fira Bi SK, 166.41 = 2940 74.47 
El) EE Ee 166.47 786 a Re, fe, 
Z Sorkee 166. 34 77 Zeool LaGueS 
Bie} Rom ee 166.31 78 ieee 7 114.81 
Pes ee emia ei ES 2eece 121.41 
oo) sas ten ees 163.70 
ul Saeed st Wes. 65 
ae oe LOS 1635.43 
me ely 7 164,22 
24 SEES eat 164.14 : 
ie ain wr eel 154.11 
aS rene a 163.96 
OF =. O16 161.74 


BOS 


one 7 = 


39 Ee 161.83 
a0 = ya Vaan oe 
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ROW 


FOW 


ROW 


ROW 


ROW 


NOTE: 


NOTE: 


KXEXPERIMENTAL DATAKX 
RUN# O6B20 


7. oe 


7 SS 


172. 36 


TOE Be 


06/08/32 


1752447 


i? oo 


17 oO se 


- 0425 


RIGHT-HAND HEATER 
TEMPERATURE FRO TEe 


KKKKKK 


£74.71 


173.94 


1 APR 


1702.S8 


AVE 


174.66 


174.73 


L 7 See 


£7 oe 


L 7 cee 


TEMPERATURES SHOWN ARE IN DEGREES FAHRENHEIT 
AND ARE ARRANGED AS SEEN FROM WITHIN THE HED 


VERT POSITION (CIN) 


FLEQTIED TEMBER atUR es 


RIGHT-HAND HEATER 


Qe NWF JUHN WO ® 
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HORIZONTAL ROD 


CDEG 


TEMP vs DEPTH 
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x 
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nN 
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180 
_ueS 


PRE AVERAGES QF EACH 


KKEXPERIMENTAL DATA 
RUN# O6R20 
OS 787s = aes 


eee lS Oat taal oa ma 
RBMEECRAQURE PROFILE 


Solr. . E15) Se 2/8) ass COL 4 AVE 
ROW 1 1 166.56 166.51 166.26 166.25 | 166.37 
ROW 2 . Peer OoOs. 57 166.54 166. 31 ! Hisie)= Gus} 
ROW 3 : wooed. Oe Loo. OCmLO” wae . 1 teoyeaty 5 ate 
ROW 4 : 164,22 5164.14 164.513 geeté:.96 : 164.10 
ROW S&S . POtpEen ot oo ee romeo Wow. 14 ! ee TA 


Peo (TEMPERS WIRES SHEWN ABE IN DEGREES FOHRENHEIT 
AND ARE ARRANGED AS SEEN FROM WITHIN THE KED 


LEFT-HAND HEATER 
TEMP vs OEFTH 


om 
= ae 
2 x 
S 
Pa oe 
2 ee Xx 
mm 6 6 
| Sas 
= Ss 
us 4 
= —_ 
BD 
0. ~ 
@ 
— 4 
a, 
4 2 
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eo ee See ote eea PUP eS See evERGGES CF EACH 
HORIZONTAL FOW 
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KKEXFPERIMENTAL DATAK* 
RUN# O6820 
06/08/82 = 0425 


FLUID RZ ao 
TEMEBERATURE FRO Tee 


Gana 7 Seas Oc 


Paso a ae 94.335 


b ! 
! i 
i ! 
i} i 
t j 
! i 
i] I 
! ! 
i] } 
i] ! 
- 
: g ws s BES 0 
t 4 
! ' 
! t 
' ! 
! ! 
! ’ 
i] } 
! I 
i ! 
i] i 


NOTE: TEMPERATURES SHOWN ARE IN DEGREES FAHRENHEIT 
AND ARE ARRANGED AS SEEN FROM ABOVE THE HED 
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KKCALCULATED RESULTS&x 
RUN # O6R20 
O67087e2.— 0420 


RIGHT-HAND HEATER 


AVERAGE HEATER TEMPERATURE = 1 By ONS SIE 
AVERAGE PLATE SURFACE TEMPERATURE = io. 26 seo 
AVERAGE RED TEMPERATURE = o7. 69 LEG 
SEeG thi Gel ENERGY INTO HEATER = fee SaaS 
LOSS FROM HTR BACKING TO ATM = ee Se 
HCHTR BACK ING-ATM) = poe Oar | 2—- Dee 
Be Someeei SiR PERIMETER TO BED = Seu) Ete aos 
HEAT FLUX THRU PLATE = ee? STO 
niPLATeesED) = Doe dino 2—-DEG F 


LEFT-HAND HEATER 


AVERAGE HEATER TEMPERATURE = Woo. oY DEG F 
AVERAGE FLATE SURFACE TEMPERATURE = 164.84 DEG F 
AVERAGE RED TEMPERATURE = Bo. oo DEG EG 
PRS@ipeeek ENERGY INTO HEATER = Poses t Hmm 
LOSS FROM HTR BACKING TO ATM = mae) ETE an 
HCHTR BACKING-ATM) = Poe, ies he oC DEG OE 
ESSS SRe@mMeatiR FERIMETER 7@ BED = toes? BPO /RR 
Ree! SEUX THRU PLATE = 124.38 BTU/HR 
A(rPLATESEED). = 47 ee eee Te DEG F 


ENERGY BALANCE 


AVERAGE ATR INLET TEMPERATURE pe47 DEG iF 


AIR OUTLET TEMPERATURE = 86.16 DEG F 
AVERAGE BED TEMPERATURE = 39.68 DEG F 
Q(AIR OUT) = 96.97 ETU/HR 
q(LOSS F/R WALL) = .SO BTU/HR 
q(TOTAL OUT OF BED) = 97.47 BTU/HR 
a(TOTAL INTO BED) = 254.25 BTU/HR 
SUPERFICIAL VELOCITY = .47 FT/SEC 
SUPERFICIAL MASS VELOCITY = 121.92 LEM/HR-FT"2 
PARTICLE REYNOLDS NUMBER = 26a 


146 


2. Fluidized 6.24 iw Contato 


KXEXPERIMENTAL DATAK 
RUN # O6B826 
06/08/82 SROs 


RUN NUMBER = O6B26 
BED WIDTH = Guage (NGHES 
STATIC BED HEIGHT = iZa2 iINGEES 
AIR FLOW RATE = | 9. 2m 
AMBIENT TEMPERATURE = 74.50 DEG F 
RIGHT HEATER VOLTAGE = 60.9 VOLTS 
RIGHT HEATER CURRENT = 1.1 2aanrS 
LEFT HEATER VOLTAGE = 60. OVERS 
LEFT HEATER SURE] 1.28 AMES 
BED EXFANSION = ol INGaes 


COMMENTS: FLUIDIZAT LON SA ihe SNe 
DIA BUBBLES ERUFTING AT LOCATION S-S 
AND VICINITY/ACTIVE BOT LEFT 


Cary 


KKEXFERIMENTAL DATAX*x 
RUN # O6825 
C67 US 7s meme 1 C) 


THERMOCGUFPLE READINGS 


TEM 
WOES ar) 


aici eae). Tene TCH GE ieee 
(mV) (DEG (mV) 
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O 
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1 PB AIR 150.44 41 FEE OE Lom 126.48 
= cea PO. 56 z et 1G I 8S Fat 
= 2.724 boO7 ES 43 7 1 2 rar 
- 2961 ate 1 > 44 =. 1460 Leo. 7 1 
a) A ska ai 1 Salat) SS a) eek ast Pa oeo/ 
6 PAs al esis & 7, 46 PEP rs) | lez 7 7 
y Puy Bla Gear (a 8 47 A age 74.00 
8 z.848 aes 48 Ae ia TE aS 
od ee 7. Tesh a FS 49 IE ea a 
Ve ot) ede 3 1 ae 1.5464 101.78 
va 2a 2S t6r.135 ol eres ose Les 
is a7 ot Poe. So) a2 oe aaa hone? 
13 sie Gh easy aye a are 191.66 
14 re 165.48 ~4 172388 103.00 
Ls 32196 165.49 aa 1A Ge 1 
16 ae 106 165.4% a a a 1o1. 40 
Uwe 3.141 foo. co” = aaa © Le Bved, 
18 2.144 Léon 72 68 ecg ay 117.14 
be 2.2140 foo. at oi 1.738 118.46 
20 ee Wiekeslrn Td 2 Ge: Wa eecs as ea 7 
me BS eno Zan aoe 135.64 
BR Be BS Pa Ve ae? LO 116.63 
BSS Fie FE) tee ee rae ere Pai Ss 
Bs Pee eA PS 74 1.043 7 Til 
as 2. 240 134.30 a ie ,! Scsiq Ss) ) 
ZO EES 134.16 7 eer 7 113.41 


oS, a? ye? ss 
Pa a en ee 


oe 43 


Pee Le) 
134.65 


TTS 
Tae! 


ears: 
ena? 


114.14 
106.34 


ES we 246 134.56 Tie, ae eal iy aes 
ot) see 134.06 
= eee ee as 
ae 2 aS ee he 
BRE es Eat 
24 Sao ee: 
a3 Faas 1S Fe NS 
Bo eee) ea 7 
oy Fe 1g A an 
ae Babe Pe 7 ao 
ies eS 129.44 
40 BR LSet 
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ROW 1 


ROW 2 


ROW Ss 


ROW 4 


ROW 3S 


NOTE: 


NOTE: 


COL 


KXEXPERIMENTAL DATA 
RUN# O6B26 


i 


OS/ 06 /eEE ewes. © 


(2/3) Sa 


RIGHT-HAND HEATER 
TEMPERATURE FRGE tee 


155.635 


Loi. 


AVE 
SO). geome 
Looeo4 
ey 1617 
163.48 


146.65 


TEMPERATURES SHOWN ARE IN DEGREES FAHRENHEIT T 


AND ARE ARRANGED AS SEEN FROM WITHIN THE 


BOS lel ON CIEND 


NeW ANN WD OE 


VERT 


xX 


15@ 


fee hr 


vg: 


RIGHT-HAND HERTER 
vs DEPTH 


b) 
9) 


TEMP “(DEG See 


176 





17% 


BED 


PLOTTED TEMPERATURES ARES 7=ErSGESeee eee. 
HORIZONTAL ROW 
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K*XEXPERIMENTAL DATAXX 
RUN# O6E26 
06/08/82 - O510 


LEFT-HAND HEATER 
Pee eRoiubes ROP ILE 


Bae Cue =z 2 Bh, COL 4 AVE 
ROW 1} 130.99 132.28 132.78 132.51 1 152.02 
ROW 2 ! 134.50 134.16 134.10 134.63 ! 134.50 
ROW S , 134.56 134.96 154.26 154.79 ! 134.42 
ROW 4 . cere oe ee a. FT 7 . 132.40 
ROW 3S ! ee, oe 7. Po he? ae i, th ! 1a east yd 


NOTE: TEMPERATURES SHOWN ARE IN DEGREES FAHRENHEIT 
AND ARE ARRANGED AS SEEN FROM WITHIN THE EED 


Reape aaaNe Heal eR 
ieee ys UEP {a 


= 
a X 
— en 
o> 7 X 
— ec 
Sees x. 
uy 4 
xi x 
Cc 
meee » 4 
cé a ee te 
a A) Es. sS In S ¥@. 
Br, ou AY ™) M + = 
ie iS CRS Cae), 


NOTE: FLOTTED TEMFERATURES SRE AVERAGES OF EACH 
HOR IZONTSGL FC 


E> 0 


XXEXPERIMENTAL DATA 
RUN# O6B26 
06/98/62 seeane 


PLUIDI ZEB SEEE 
TEMPERATURE J2Ree ies 


101.40 101,66 )510f2ce 


1.0 1 ot OS Ge ae fees 


L01ls6Ge) 


NOTE: TEMPERATURES SHOWN ARE IN DEGREES FAHRENHEIT 
AND ARE ARRANGED AS SEEN FROM ABOVE THE BED 


oe 


KKXCALCULATED RESULTSx** 
RUN # O6R26 
O67 CS (See see rt) 


RIGHT-HAND HEATER 


AVERAGE HEATER TEMFERATURE = arte sD SSE) ae 
Seven eoeefrLAlTE SURFACE TEMFERATURE = ey. 7 Peo 
AVERAGE RED TEMFERATURE = Het. 79 DEG sr 
Serer eel ENERGY INTO HERTER = foe? Eee 
GOSS FREM HIR BACKING TO ATM = eg. Shea 
HCHTR BACK ING-ATM) = wee TURP 2-DES & 
econo Att eet Me leR TO RED = EG,ce BTOU/7RE 
reed ime. THRU PLATE = 20On 77 BiU7aE 
H¢PLATE-RED) = oe ie | ek DEG F 


LEFT-HAND HEATER 


AVERAGE HEATER TEMPERATURE = me. 60 DEG F 
AVERAGE FLATE SURFACE TEMPERATURE = Peaeeo4 Deis & 
AVERAGE HED TEMPERATURE = wea. 79 DEG G 
PLEEC TR Cea ENERGY. INITIO HEATER = Boe. Oo. BT 7 ak 
LOSS FROM HTR BACKING TO ATM = fos BTU/AR 
HCHTR BACK ING-ATM) = ey Se eee a DRS ie 
BOSS S00 Hitec (METER TERRE Ds= Seo? BTU 
BEAT BEUX THRU PLATE = owes HPA 
N<FPLATE-BED) = 2 ieeome ei / time) DEG F 


ENERGY BALANCE 


AVERAGE AIR INLET TEMPERATURE = 73.99 DEG F 
AIR OUTLET TEMPERATURE = ioo0.12 DEG F 
AVERAGE BED TEMPERATURE = 101.79 DEG F 
Q(AIR QUT) = 247.04 BTU/HR 
a(LOSS F/R WALL) = 25.55 BTU/HR 
q(TOTAL OUT OF BED) = 273.39 BTU/HF 
a‘TOTAL INTO BED) = 481.88 BTU/HEF 
SUPERFICIAL VELOCITY = .59 FT/SEC 
SUFERFICIAL MASS VELOCITY = 150.465 LEM/HF-FT "2 
FARTICLE FEYNOLDS NUMBER = esl 


e572 


a 


Non-fluidized 12.0 ine onmee ea: ton 


KXEXPERIMENTAL DATAXK* 


RUN # 12RS50E 


06/17/82 = 9¢30 


wd 


RUN NUMBER = 


BED WIDTH = 


STATIC BED HEIGHT = 


AIR FLOW RATE = 


AMBIENT TEMPERATURE = 


RIGHT HEATER VOLTAGE 


RIGHT HEATER CURRENT 


LEFT HEATER VOLTAGE 


LEFT HEATER CURRENT 


RED EXPANSION = 


L255 0E 
f2.00 THiGanas 
i2oS iN@HES 

eee erin 
73650 DEG F 
46.9 VOLTS 
.85 AMPS 
~6.0 VOies 
1.02 AMPS 


oO. INGreS 


COMMENTS: NON-FLUIDIZED/NON-EXPANDED 
BED/NO BUBBLES BOTTOM LEFT 


1S & 


*XEXPERIMENTAL DATAXK* 
RUN # 1I2RS30E 
O67 17/32" — (0ss 


THERMOCOUPLE READINGS 


BUTeUT Teme TC# OUTPUT TEMP 
(mV) (DEG F) (mV) (DEG F) 
Seago 183.47 41 7A GS Ne ea 
2 apa) @) Mea. 20 42 2.145 126.42 
Ne Ios 183.34 43 2.041 fe. LO 
1.1490 89.84 34 oo esha helenae) 
See ick 183.39 45 1 also 114.45 
Reape ee od 45 es Age ie Ooo 
GS. aos oo. OS 47 2707 Yaa 27 
niapell— 183.41 48 9756 7oeFa 
3.41 182.84 49 966 735.94 
Rapa | 1S i AO a0 1.43 yo .ao 
3.045 eS GAG =) 1.429 96.21 
2.u4l SUE 5 sie pu 1.403 Oe otek 
Me ol 2 181.62 al RS fee 7 89.41 
Sires Gow 181.69 FF Pay 7 256 Sis) 
22JIiS 181.78 =e) Lig real yd 88.309 
S.o14 181.61 JG eo | 88.86 
3.468 177.84 = 74 LOU 88.80 
Seats tf 179.90 28 ee og 89.01 
3.468 179.81 rae 4 22/4 89.40 
3.458 179.32 50 ee 88.87 
2.886 136.690 Si eo 7 88.935 
2.886 156.63 62 econ 89.15 
2.883 156.46 65 Le CRS 88.13 
Zea ae 136.38 58 1.954 PS. 2 
2.2893 156.89 69 2.477 fo. 1S 
=.894 loo. 94 70 Ee ay ee eee 0! 
Sel 136.82 wt Bae 7 Poa ee 
Feels a Poo. Zo Tia 1.974 eyes Lee 
<.886 136.59 Gs FT RON. 128.63 
z=. 888 136.63 74 1209S 81.29 
2.887 oi. Oz hes aL oe 84.36 
2.9886 Weis oe 76 ie 77 7 119.26 
2.869 135.85 PGE 2.2992 1 Be ee 
2.867 red al 78 Leyes aah roull 
2.869 Paice SL Fer) 1.740 LOS 2 
=.866 ac 6 7 
Sa. S26 134.16 
BS ek 154.47 
Te SE 154.30 
2.851 154.51 


154 


ROW 


ROW 


ROW 


ROW 


ROW 


Ci 


teEXPER I Mie 


COL 1 


Roc. +7 


eae 


182.84 


1 SU (a) 


RUN# LSRS0E 


Yor l//Ss2 


ee) ee 


183.20 


Beet Se 


re 


ico i OF 


P/O aoe 


[mee = 


RIGHT-HAND HEATER 
TEMPERATURE FROP TES 


Coils 


183.54 


os. 


163, 05 


161. 7s 


DATAKX 


KKKKKK 


183.41 


oe. oO) 


Sea oo 1 


I vo paral 


AVE 


SS. 04 


US SF aia 


182.97 


181.66 


eo ae 


NOTE: TEMFERATURES SHOWN ARE IN DEGREES FAHRENHEIT 


mn 
=e 
we oP 
e 3 
c 7 
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uy 4 
ee 5 
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ce | 
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PaG HD Soe HE Beige 


if his 


17G 
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TEE 
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Ww 
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AND ARE ARRANGED AS SEEN FROM WITHIN THE RED 


NOTE: PLOTTED TEMPERATURES ARE AVERAGES OF EACH 


HORIZONTAL ROW 


Nay) 


ROW 


ROW 


ROW 


ROW 


ROW 


Ch 


-AKEXFER IMENTAL DATAX* 
SUN LSB IOE 


a 8 => eee eae, | oe oo [ae Lay 
MNS/1L/7/382 ~- OSS 


SER ismeNe REATER 
TeMbones PORSee Ree ILe 


COL 1 Soke Spies. Bek 4 AVE 
PiSoeet ee Leo.  logo.toe 1346, 06 oe, 
Pamrovmetso.7s 156.82) 156.75 Pao] 


= a ce a ce ce ce ee ee ee ee ee ee ee 


NOTE: TEMPERATURES SHOWNe ARE INe DEGREES FAHRENHEIT 


AND ARE ARRANGED AS SEEN FROM WITHIN THE RED 


LEFT-HANG HERTER 
eviews OL in 
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Se x 
aa g 
= x 
m 6 
aS k 
Ww 4 
= 3 x 
C 
- | xX 
oe 
uy 2 nh Ss te) iS Te a 
a <r in uy WW Wo) N 


pees ais FD 


NOTE: PLOTTED TEMFERATURES ARE AVERAGES OF EACH 


HORIZONTAL ROW 


sxe 


XXEXPERIMENTAL DATAX* 
RUN# 12B30E 
06/17/82 = @@ss5 


PEUILDEZED Soe 
TEMPERATURE Fi@a ike 


38.95 Shee 38.36 89.41 oon vo 


| ef one 89.40 oe can 
Pee S'S yn SS257 $8.80 87.26 Font 


NOTE: TEMPERATURES SHOWN ARE IN DEGREES FAHRENHEIT 
AND ARE ARRANGED AS SEEN FROM AROVE THE RED 


eo! 


PHEALCULATED RESULTS£* 
RUN # 12RS50E 
OS7 7782 = ess 


RIGHT-HAND HEATER 


AVERAGE HEATER TEMPERATURE = 1S2. -oo eo .F 
BVEReEGE PLATE SURFACE TEMPERATURE = PeZo20 Bee ae 
AVERAGE RED TEMPERATURE = 2O. 62 26 ae 
SRE tei Get ENERGY INTG HEATER = Peso BR oR 
LOSS FROM HTR BACKING TO ATM = iZ26o BREA 
hCHTR BACKING-ATM) = ones Clie | 2 Ome 
Soo ener Him PERIMETER 1TC BED = 14.77 BTU/HR 
HEAT FLUX THRU PLATE = 105.80 BTU/HR 
nh (PLATeG=BED) = So. Cee eee | 2 —-DEG F 


BEPT-HeND HEATER 


AVERAGE HEATER TEMPERATURE = foo.O5 DEG F 
Aven eoee ry LATE SoeRreACEeE TEMPERGTURE = Toa? oo ie 
AVERAGE BED TEMPERATURE = mo.o2 DEG G 
ECECTHI Gal ENERGY INTO HEATER = Poe.) Baik 
LOSS FROM HTR BACKING TO ATM = aoe O BTU ZAR 
HCHTR BACKING-ATM) = Poe era aaa | SDE F 
E@SS Fomem ik PERIMETER #SeBED = tees / BP, aR 
HEAT FLUX THRU PLATE = fomeoo Bill / te 
Mh(PLATE-BED) = 7.29 EBTU/HR-FT*2-DEG F 


ENERGY BALANCE 


AVERAGE AIR INLET TEMPERATURE = Bee 7S DEG Te 
AIR OUTLET TEMPERATURE = ao. J. DEG F 
AVERAGE BED TEMPERATURE = mo. oe Veo 
Q‘(AIR OUT) = io. 7 ks Teak 
Q@tLOSeee/k WALL) = fo. o7 BU eR 
e(TOGTetL OUT GF BED) = Pao =O Ht 7 AR 
Q‘TOTAL INTO BRED) = =Oe oO BTUO/AE 
SUrPrcem GlAL VEEGCITY = ooo hs see 
JeeemalelAlL MASS VELOCITY = Ss Sry Lie | ES Ae | md ll es 
PeAatrece REYNOLDS NUMBER = Les 


4, 


Fluidized 12.0 in. CORT oUieem: 


XXEXPERIMENTAL DATAXS 


OS 


RUN NUMBER = 


BED WIDTH = 


STATIC BED Te 


AIR FLOW RATE 


RUN # 12B48E 


/1//82 = (ase 
12B48E 
12.00 INCHES 
Chi 2a) I NEReS 
= {6257 CEM 


AMBIENT TEMPERATURE = 


RIGHT HEATER VOLTAGE 


RIGHT HEATER CURRENT 


LEFT HEATER VOLTAGE 


LEFT HEATER GURRoNt 


BED EXPANSION 


COMMENTS: 


FLUIDIZATION WITH 2-3 


Sie vO bes 
46.9 VOLTS 
8S AMPS 
46.0 VOLTS 
1.2 AMes 
O.1 INGRES 


INCH 


BUBBLES ERUPTING AT LOCATION 4-4 


1 


KXEXPERIMENTAL DATAXKX 
RUN # 12R48E 
96/17/32 = ee koe 


THERMOGESEFEE FESR INGS 


TC# BUTPUT TEM TC# GUTRET ete 
(mV) (DEB. (mV) CVeG i) 
1 471 180.14 41 aoe t et 
Pe 3.474 1e0. 21 42 244 LS 8) 5 es 
3 52 478 Po. OF 3 2.097 124.44 
- 1.0835 86.14 44 ee ed Bos Ae 
= ety 2 reo. 1S 43 2.136 erailen 7 a 
& oe 479 180.41 46 meO 24 eee 
Vi 3. 484 Hien oe 47 oe 7 73-2 64 
8 Seo 6 180.27 48 ees: lyn fo 
9 3.445 7. OF 49 » 760 Ter ayTh 
10 3. 455 NG eS 30 ey DS SesGo 
ok 2 450 yo 7 Sit Way ee 82.84 
Te 2. 4435 177.04 S2 1.044 Te 
as Soo? 4S 7 enh i ao? 76.974 
14 eee 7 a 24 1037 Bie o.8 
iS e2S98 l77. le al 1.128 82.94 
We BS Be 176.84 aT) oe Si o7 
i? oe Oud 174.67 NE dee oC) Sila7 7 
18 hie any oh 174.84 38 1.100 So leens 
ay Be GF 17 oe Sy 1.105 Bon 
20 BEC UT 174.33 60 Pace & e170 
I Fa ea 1354.58 oi ia os S53) 
a2 hi GE 1354.49 oz ao ene SF, 
a 2.355 1354.44 65 tee a Gt.82 
Z PE BS 134.68 68 Fis aS lane te) Je 
FS 2.366 hao. O° oo, 22 600 108 aly PSS 
26 2.8366 bos. ot 7 2205 o BE eS 
ee 2.364 ciel 7 Ze es 1 144.03 
25 =. 9364 PSs 7) Yi Fee 1.946 Ht Fe ada 
ay, 2 asoO7 1a Us er Pe Fe ele 
SO FE Pas. Oo) 74 1,031 78.48 
on 2. 5o5 1 es) Aros vaS eel) 73.04 
GP 2. 36S specs 76 22024 1 ee 
OO 2.855 134.39 Oe. oe 246 ates 
34 PLP = Pf 154.14 78 Ho Sige Peo 
oo PBA) Doe 7 Vise Rae Oe oon 
=6 Zea / SE alg 
Oy ae /oe lawl. os 
38 ee oor Ss 
7 a7 ac Pol.es 
30 a OS foi. 45 
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ROW 


ROW 


ROW 


ROW 


ROW 


Ch 


KXEXFPERIMENTAL DATAKx 
MUN I2R4SGE 
06/17/82 > Wiss 


RIGHT-HAND HEATER 
TEMPERATURE FRGE IRs 


o>} oa) 216) Cobre Cet 4 AVE 
1180.14 180.21 180.39 xxxexx 1 180,24 
: 180.16 180.41 180. Ge Shee : PSOne, 
. 179.05 179.435 179.7270 Boe. : 1/77 eae 
: 176.976 177.13 177.32 Bice. . 177. 
: 174.67 174.84 174.72 174.35 ! 174.695 


NOTE: TEMPERATURES SHOWN ARE IN DEGREES FAHRENHEIT 


AND ARE ARRANGED AS SEEN FROM WITHIN THE BED 


RIGHTSRAND Ge GiaeS 





= TEMP vs CEPTH 

Z19 

aes, x 

= 8 

oa - * 

oa 5 

aa * 

wm 4 

O 3 

“2 

= 4 x 

a ¢ 

+ u © ve) re) Te) ae) 

> LD nN nN be) mm On 
TEMP cCDEG ee 


NOTE: PLOTTED TEMPERATURES AREseVERAGES = @aeceen 


HORIZONTAL ROW 
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IMENTSL DATA * 
N# 1L2SR43E 
Pa 


4" PN | = 
cee aaa ee DA Uae Pa 


ete ee et Pee ey 
Teme ERATwae PROFILE 


BC) ee! 2) ae Ee CELLS 4 AVE 
ROW 1 1 154.38 154.49 154.44 154.68 | 154.50 
ewe ! ee eS a ate 7 Oe Lo. 70) | Jat pale TACoe 
ROW S . ee ee 2 SS om sa SS . eS Sees 
ROW 4 : VSS. SOR tote oo Neem) LoS. 67 : ac ee ie 
ROW &S : Nee Si he ls Sat Ga es = eae ae ar : DI Ore 


oe Seite ten cooe sawn Ane = im DEGREES FAHRENHEIT 
AND ARE ARRANGED AS SEEN FRQM WITHIN THE BED 


Ber] -PAMDMR EATER 
Geiesys DErRTLH 





Zo 
~ 8g * 
= 8 
a 7 b 4 
a “hk 
aie 
n 4 
O 3 
Co 
4 
a 
xX 2 . 
a uD & in S 'f) RS) 
= Tr in n Ww Ns) N 
F ) 


beavr COE G 


tS ose a ene IPS RemeaReS ARE AVERAGES OF EACH 
HORIZONTAL ROW 


G2 


**EXPERIMENTAL DATAXx 
RUN# 12B48E 
06/17/82 - O155 


FLUIDIZED ese 
TEMPERATURE (-Rera 2S 


a ee ee ee ee ee SS oe SS ees Se Se eee ee ee eee eee eee ee eee 


Sa Co Si. 77 al ae7 76.74 890.62 


,  Glisey SZe0t 82.84 | 
| el j32 Sie SEES: Siase 79.41 


NOTE: TEMPERATURES SHOWN ARE IN DEGREES FAHRENHEIT 
AND ARE ARRANGED AS SEEN FROM ABOVE THE BED 


Ios 


X*KCALCULATED RESULTS**x 
RUN # 12B48E 
06/17/82 - O155. 


RIGHT—-HAND HEATER’ 


AVERAGE HEATER TEMPERATURE = iWiSee7 eves F 
SvenoocerLATeG SURPACE TEMPERATURE = Se 7 oie 
AVERAGE BED TEMPERATURE = S1.46 DEG F& 
SECETRoeeL ENERGY INTG HEATER = ES Se AME ey ale 
LOSS FROM HTR BACKING TO ATM = bee oe Silane 
H(ATR BACKING-ATM) = Tow otU/pnse ) 2-DEG F 
Poot om FIR Gent Me hee 1 Oek=p = fowl e S7 mks 
HEAT FLUX THRU PLATE = 106.48 BTU/HR 
APE PESSBED) = Saeeeees O/ Hije et 2 —-DES ee 


EEE! —HAND HEATER 


AVERAGE HEATER TEMPERATURE = feo. 27 DEG F 
AVERAGE PLATE SURFACE TEMPERATURE = 154.26 DEG F 
AVERAGE BED TEMPERATURE = 81.46 DEG G 
ELECTRICAL ENERGY INTO HEATER = foen.O BTU RR 
LOSS FROM HTR HACKING TO ATM = 6.44 BTU/HR 
ACAHTR BACKING-ATM) = poses eee 2—-DEG F 
P@S>o Geen hia PERIMETER TO BED ™= Bowes, HP aR 
font FoOR idk PLATE = pes. 75 STAR 
Hh (PLATE-BED) = Seen Tove | 2- DEG F 


ENERGY BALANCE 


AVERAGE AIR INLET TEMPERATURE ye. ot DEG Fe 


AIR QUTLET TEMPERATURE = 82.94 DEG F 
AVERAGE BED TEMPERATURE = 81.46 DEG F 
Aleem) = 126.26 ETU/HR 
q(LOSS F/R WALL) = 0.00 ETU/HR 
qa (TOTAL GUT OF BRED) = 126.26 ETU/HR 
qa(TOTAL INTO BED) = 276.25 BTU/HF 
SUPERFICIAL VELOCITY = .5S FT/SEC 
SUPERFICIAL MASS VELOCITY = 1435.54 LEM/HR-FT"2 
FARTICLE REYNOLDS NUMBER = 2,27 


164 


S. A typical data run, (Bed tCheime corm wew Ghent oer 
significantly higher than other bed thermocouples. 
Reading exceeds highest heater thermocouple -reading. } 


NOTE: ALL VALUES WERE RECALCULATED AFTER OMITTING 
THERMOCOUPLE NR. 5/ READINGS Reo bD esti 
ARE PRESENTED IN TABLES AND) CURMES RBar 10U2, 


SHOWN . 
XXEXPERIMENTAL DATAXKX 

RUN # O6BRS6M 

06/08/82 - 16350 
RUN NUMBER = O6BS6M 
BED WIDTH = 6220 INEnes 
STATIC BED HEIGHT = iZe Nees 
AIR FLOW RATE = i2.48 CFM 
AMBIENT TEMPERATURE = 74.39 DEG™E 
RIGHT HEATER VOLTAGE = 60.0 VOLTS 
RIGHT HEATER CURRENT = L.12 AMPS 
LEFT HEATER VGiAGee= 60.0 VOLTS 
LEFT HEATER CURRENT = 1.28 AMPS 
RED EXPANSION = of. SNERES 


COMMENTS: VIQLENT FLUIDIZATION AT CARRYOQVER 
LIMIT 


165 


KXEXPERIMENTAL DATAXX 
RUN # O6BS36M 
G67 O37 G2ee  1osO 


THERMOCOUPLE READINGS 


TC# OUTPUT TEMP TC# OUTPUT TEMP 
(mV) (DEG F) (mV) (DEG F) 
1 1.930 117.46 4 1 7 aes 110.81 
fu 1.936 117.68 42 1.774 11O. Ss 
as 1.951 118.21 ia 1.726 108.83 
4 .980 29, 45 44 1.966 118.82 
5 e004 20.55 AVS 2.108 asl ra 
& 2.004 120, So 46 2 Oy: | ie Sa 
7 2.005 120.57 47 2936 74.62 
8 2.000 P20. a4 48 {ose 74.56 
9 2.096 ies 4 49 2935 WEN, Ts 
19 2.089 124.06 SC 1.631 104.85 
val Ragetsnl ace Si S92 Means 
ot 2.988 123.96 AR) feo.) 104.49 
sas 2.180 LEAD fs Sis 1.608 103.89 
14 Pana lgsha 127.92 54 1.609 103.90 
Se 2.144 127 5 O7 a5 1as7 9 102.38 
16 2.166 sy come 56 1.629 ia. 75 
7 2. 209 128.88 7 2. 260) ee ees =| 
18 Zee 129.27 58 1.582 ps 
19 eel 129.09 59 1.658 US 9A) 
A ZOOS 128.96 7O 1.942 ti7.7 Ss 
eat 1.936 iia TA 24025 121.28 
Be 1.948 18205 72 1.565 OF fl 
aes 1.947 117.96 UE 1.626 OA az 
a 1.944 117.82 74 VWesis 90.81 
Fa a ee 120,38 aS 1.497 98.78 
26 1.997 119.65 76 1.768 LG. So 
BA 1.997 120.04 Ta. 15 Qs bavs71 
2 2G 7 120,97 78 1.6982 196.72 
=9 2. O61 1227.74 79 1.740 OSs 20 
30 Bs Pee. 55 
So ZO 25 SO 
Se 2.056 i222 44 
oR FG well 123.09 
34 2.057 122.88 
Bet @ Quite PES od 
36 ee ahs, [PERS =| 
aN 2.080 alee 7h 
=38 2.058 Sas 
39 VOSS 1227 
40) An Oe vey: elas 
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ROW 


ROW 


ROW 


ROW 


ROW 


NOTE: 


tJ 


4 


a) 


214 
= 3 
a -¢ 
— 6 
SS 
nm 4t 
© 

2 3 
= 
ee 
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KXEXPERIMENTAL 


COL 1 


RUN# 


06708 /32 > 


COL, 2 


Q6B36M 


RIGHT-HAND HEATER 
TEMPERATURE PROFIGS 


16.30 


DATAXX 


KKKKKK 


120.34 


RIGHT-HAND HERTS. 
ENP Vs =DEr a 





AVE 


Ll ee 


izo.48 


124.02 


127.46 


£27 20s 


TEMPERATURES SHOWN ARE IN DEGREES FAHRENHEIT 
AND ARE ARRANGED AS SEEN FROM WITHIN THE BED 


NOTE: FLOITED TEMPERS T URES ARE AVERAGES OF EACH 


HORIZONTAL ROW 


oe 


ROW 


ROW 


ROW 


ROW 


ROW 


NOTE: TEMPERATURES SHOWN ARE IN 


CH 


MOTE: 


*XEXFERIMENTAL DATA** 
RUN OSBZ6M 
06/08/82 - 1430 


LEFT-HAND HEATER 
WP Sulmialsy Wiel SS Mae) ae eS 


COL 1 COL 2 EGS COL 4 AVE 
1417.53 118.03 117.96 117.82 1} 117.84 
! Poo Pomme ys oo 120,04 ~~ 120,87 ! 120.24 
. Bowe ome lee eo, Leesa 2128.44 : {22.46 
. ye Oe eee IGP ES S ) 1a 
, es tee se Lk ee NY Oe Ss : nrorrestirge Gres 


DEGREES FAHRENHEIT 
AND ARE ARRANGED AS SEEN FROM WITHIN THE HED 


Cee -foaNGmwte ATER 





Be TEMP vs DEPTH 

Z1Q 

wy 8 X 

Po 2 

a 7 

aa BS 

SS 

nm 41 

= Ss 

ae 

2 i 

uw @ S) To) =) Tp) Rs) ) 

> — _ N rau] tr he) 
TEMP (DEG FY) 


Deeb TEMPERS TURES GRE SVERAGES 
HORIZONTAL ROW 


BF BeCr 
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KKEXPERIMENTAL DATAX*X 
RUN# O6BRS6M 
06/08702 Garo 


FEUD I Zee eee 
TEMPERGrERE Ree tee 


104.75 105.89 104.85 


131.38 105.90 104.49 


} t 
} t 
J t 
i} t 
1 t 
' t 
' t 
) t 
’ ' 
’ ' 
YOS 222 
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) t 
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§ t 
’ L} 
t t 
i) ' 
' 0 
’ ’ 
' r) 


NOTE: TEMPERATURES SHOWN ARE IN DEGREES FAHRENHEIT 
AND ARE ARRANGED AS SEEN FROM ABOVE THE BED 


Jens 


KXCALCULATED RESULTSX* 
RUN # OQ6B56M 
O67 @47 82 =) 1650 


RIGHT—-HAND HEATER 


AVERAGE HEATER TEMPERATURE = BSE 7! JR QE) oS 
AVemeoe PLATE SURFACE TEMPERATURE = Loo 7) Seem 
AVERAGE BRED TEMPERATURE = 1O0s507 PEG F 
SES Cie era, SNeEROY INTO HEATER = es ee) / elt 
E@soermerm ati BREKING TO ATM = Zeon 
HCHTR BACKING-ATM) = mae OZR) S=Deb FE 
Beso Reman PERIMETER TO BED = 8.13 BTU/HR 
HEAT FLUX THRU PLATE = 218.20 ETU/HR 
he Eates BED) = TOmieer Ss l/s —DaG & 


LEFT-HAND HEATER 


AVERAGE HEATER TEMPERATURE = Ae BIS Ee | 
AVeERAGemPeade SURFACE TEMPERATURE = apes ais > a8) (ee 
AVERAGE BED TEMPERATURE = LCSse7e DEG G 
SPEER ten ENERGY INTO HEALER = ome ob ie oe 
EOSS FRGM ATR BACKING TO ATM = -OO BU 7HR 
Hh CHTR BACK ING-ATM) = meme ie? aaa) 2 Ga 
EQoosmaen wate kon imereR TO BERm= eo Si ios 
meet Flex [HRU PLATE = 257.64 BTU/HR 
) (Pee sa Dye See ST AR-F12-DeG F 


ENERGY BALANCE 


AVERAGE AIR INLET TEMPERATURE = 74.58 DEG F 
AIR QUTLET TEMPERATURE = - 102.38 DEG F 
AVERAGE HED TEMPERATURE = 108.07 DEG F 
G(AIR QUT) = 353.81 BTU/HR 
a‘LOSS F/R WALL) = 22.20 HTU/HR 
q(TOTAL OUT OF BED) = 376.11 BTU/HR 
q(TOTAL INTO BED) = 488.38 BTU/HR 
SUPERFICIAL VELOCITY = ERr ry Sac 
SUPERFICIAL MASS VELOCITY = 202.78 LEM/HR-FT*2 
PARTICLE REYNOLDS NUMBER = 4.05 


1 


DEV IEG 


Axial Flow 
Turbo Compressor 


Rotometer 


30-Inch 
Water Manometer 


SoOnouten 


Data Acquisition 
Syamen 


Dual Flexible Disk 
Drive 


PLOtCter 
Printer 


Copper Ceonstantan 
Thermocouples 


Regulated DC 
Power Supply 
6 0'V Seca egierare.) 


Re@ulaced spe 
Power Supply 
60V, 2 A (Right) 


Computating 
Bridge 


Cad 1b ratwen 
Bat 


Ste sesje) WolSe ces 
250 Watts 


APPEND Ge 


EQUIPMENT SE DST inc 


MANUFACTURER 


Spencer ldrbrne 


EES hes & Porter 


Meriam 
Hewlett-Packard 
Company 


Hewlett-Packard 
Company 


Hewlett-Packard 
Company 


Hewlett-Packard 
Company 


Hewlett-Packard 
Company 


Omega» Enganeening 


Lambda 


Hewlett-Packard 
Company 


Rosemount 
Rosemount 
Watlo 


haa 


MODEL # SERIAL # 
oo 0 “SC EM 

34 SCFM 

33KA35 HOOSLS 

HP los 2Z1S1ASC ieee 
HP 3497A 

HP 82901M 

HP 7225A 

HP 829058 2143512308 
10 Gauge 

LK345A Sige 
6296A 1552A0ZGKe 
920A Oe 

SN Gysh 

25 0SWatts 8044 


APPENDIX G. 


EXPERLMENTAE UNCERTAINTY ANALYSIS 


In order to arrive at an estimate of the difference 
between measured or calculated values and the true values 
of various parameters, the following uncertainty analysis 
was accomplished: 

1. TEMPERATURE MEASUREMENTS 

A. Thermocouple Readings - Since the thermocouple out- 
put voltage was measured automatically by the Data Acquisition 
System, human error in reading the output was avoided; however, 
the values arrived at by the System were still subject to 
Paton ecn eee VoLimeas Inmacclracies in the empirical corre- 
lation developed during the calibration of the thermocouples. 
Because of these effects, it is believed that the thermo- 
couple readings are accurate to within +OF, 

B. Ambient Temperature Reading - This measurement was 
accomplished ey a mercury-in-glass thermometer having mini- 
mum graduations of 1°F and a range of PO et ope 4 0 Pen 1 t 
is believed that the thermometer could be read correctly to 
within +0.5°F. Allowing for the error within the device, 
the uncertainty of the thermometer reading is considered 


Por be sir. 


rz 


2. PRESSURE MeeSer tess 


_ A. Bed Pressure Drop - The minimum manometer scale read- 
ing was 0.1 inch with a total range of 30 inches. Readings 
of 0.05 inches were possible. For static measurements, the 


pressure readings are considered to be accurate within 0.2%; 
however, during conditions under which the water column was 
fluctuating, the uncertainty was increasedmeoeioeiieaeas 2% 
of the full scale reading. 

B. Ventur1 [Inlet Static Pressuyes Sie sin tepce aie 
reading was 0.1 inch with a total range of 60 inches. Readings 
of 0.05 inches were possiblewme The paessure readings aregcon- 
sidered to be accurate to within 0.1% of full scale. 

C. Venturi Differential Pressure - The minimum scale 
reading was 0.001 inches over a range of 2 inches. The 
reading was considered to be accurate to within 0.1% of 
fuel sca le. 

D. Atmospheric Pressure - Minimum scale readings of 
0.001 in. Hg over a rangesof approximagely, S2.imencs were 
observed. As a consequence, the uncertainty of the reading 
was considered to be 0. ligt fuiseceate. 

3. DISTANCE/SIZE MEASUREMEN@S 

A. bed Width/Depth - Méasmrememecmwerc Consucencds 

accurate to within #0.0625 in. or 0.5% of the apparatus 


Overor ile 


LS 


B. Bed Probe Depth - Due to the bending motion imparted 
to the probes by the particle activity, the depth measure- 
Vemeomveme= COMei@ered accurate to within the 0.25 in. or 
1.o2 Of the bed depth. 

eee EXPanSton = wbue to themrapidly fluctuating ex- 
panded bed surface level, the bed depth is considered to 
MeMienatmumneentainty Of =0.5 in. Oras. of bed depth. 

D. Venturi Inlet/Throat Diameter - These measurements 
Peemoumeedered ageurate £o within +0.001 in. or 0.2% of 
diameter. 

Pee ar tele maneter == Determined by optical microscope 
examination conducted by Morgan, [Ref. 2], O = 0.0122 (510 
Wierons))+ 1%. 

F. Plate/Wall Thickness - Measurements were considered 
Aon deemuonwihemim O02 an. or 5% of the wall thickness. 

4. VOLTAGE/CURRENT MEASUREMENTS 

Minimum ammeter scale graduations were 0.1 Amp with a 
total range of 2 Amps. Because the power Supplies were not 
calibrated or compared with a known standard - uncertainty 
eae oe tie Full seale deflection 1S assigned to the 
current reading. The minimum voltmeter scale reading was 
Mee’ tsy?thi @ Tange of 60 volts. Once again, due to the 
Pee oe calibration, an uncertainty of 54 15s assigned of 


tut seale deflection. 
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5. THERMAL CONDUC fries 
Due to the Variation in COMm@uctivitices  +oungee Erte 


literature, the following uncertainties are assigned: 


A. Kk. = 2% Btu/Hr-Ft-°F +0.5% 

By k_. =iOmii2 Btu/Hr-Ft-°F +10% 
Cer 02 ieremy yore eee, 
De ei) Th: But/Hr-Ft-°F +10% 


6. DENSITY MEASUREMENTS 
Particle Density - Established by Morgan to be 154.6 


Loy Et ome . 


1 ies) 


APPENDIX H. ROTOMETER CALIBRATION COMPUTER PROGRAM LISTING 


10 PRINTER IS 701,100 

20 Se. 854 

<0 CLEAR @ DISF ° ROTOMETER CALIERATION" 

49 DISF “ " 

SO DIS® "THIS PROGRAM CONVERTS VENTURI PRESSURE DATA INTO ROTOMETER =LOW RATES" 
60 PSUSE 


7O GLEAR © DISF "ENTER Patm(IN Ho) ” 
SO INPUT FP 
ZOeGlean © DISF “ENTER Tin(DeG F)” 


100 INPUT T 
110 CLEAR & DISP "ENTER Y" 

120 INPUT Y 

130 ' CALCULATE Patm(PST) 

1960 PlsP"14,7/29.92 

$50 ! CALCULATE Tin(DEG R) 

160 T1=T+459.69 

170 CLEAR ® DISP "PRESS CONTINUE TO START PROCESSING" 
1B0 PAUSE 

190 CLEAR © DISP “ENTER FLOWMETER READING" 

200 INPUT F 

210 CLEAR @ DISP “ENTER Pig(IN H20)" 

220 INPUT I2 

250 CLEAR © DISP “ENTER DELTA P(IN RO)" 

240 INPUT IS 

250 ! CALCULATE FLOWRATES 

260 ! CALCULATE Pig (PSI) 

270 P2012%14.7/55.91/12 
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IF WS S-CSGH“CY1L9s=—-13 OR Wi<- 
2 THEH Sa7G 

LOIF 
FOR J= 
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Motte 
GBOSUEB 


‘ke TG Viger Geer 2275 
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2 eit 
ae a 
eCeee 
Bu ed 


Z44u 
2450 
2466 


LAB mes bie 3 
NEXT J 

GATQ 3146 
LOTR 38 
Ti=vYi 
MOVE 


GOSUE 4456 
ir ie + Cle. Y 

LHEEL "YMINS"GMEEL. 18 ij 
MOVE #a+24401,71 
11=22/L2 & GBLOSUe 
LHBEL "Tits="E\FCL1 
PeEHMB Paw! st OiRk  & 
Miers’ leg ted | 
Per =i] Tee & 
Oi,¥¢J2-4402 & 
HEXT | w@ EEEF 
FOR L=@ TO 1h 
SASH=TICLselLeccyvyiceeefictaarl 
HM) 
IF f> 
IF t= 
ie 


ar ey 
ts oe 
1.14 


me iD 


4 J 


a at. 
a? >a "i rr) 


a) rt I E 
ese 


VYS4sUl1%Xe MnCC2) 


LOT 323 
LET Y4sC1LXERPCO CSO FK43 
ROTO 2298 


LET Y4=C¢ 
FOF oe 

LET =‘ 
Hee 
FLOT sd,.¥4 
Peel ale 
So = aie 
SAI ea en 


WESVAL ECR D 


COCKS ER4“°0K-13 


2 


Cs Fascllg, "EE" THE} Sia 
GS=LGTCAESON+ C8 S009 

IF LEHCVEIOS AHO ReStGSrs4- 
CSGHC%=-1) THEN Wes & Ves" 


" P RETURH 

IF LENCE) <S ys 4f=_ EH CWE) 
© RETURH 

WECL.,SI=VALECH S 

GRAFH @ RETURN 

EWB=SPOS cls, SEP ® 
IF W#Ci,.i1g="-—-" THEN 

$#CEG] © GOTO t4eu 
WECeq=aVsrLewd 

WeLENette: &@ IF Ves Taen 
Pees tig 2oete> J om fof e 

=" PEt ee vi 

RE TUFN 

FE 

v2 wel +c 74) 


WE0ad=V 
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IF FPOSUNS 92> Tietinesae 
VECl,. IWI=VALSCI Ls 

-RFETURN 

WE0l6, i Gi= "Sees s. Eo 7a 
RETURH 

LOIF @ © La=-lHR 

FOR J=n1. Wie 2o+Ge STEFF 2lere 
Leis 

BOSUB oa 

HPs LSD IS ee, eli te oi 
Oe ade ee EM tee! ge eg 
G 25688 @ GOTO Jelu 


IMAGE “LABEL DELETED AT “.¢ 
0.40 

MOVE Je Co-ed tO, 
Lae=J+e¥ter+e #01 

IF £33925 THEN MOVE 
Ss JAO, Yi=124mSe 
LABEL “WECi. 
HEXT J 

LUTO 2966 

CiEF FWR 

IF NOT LENCR#2 


Tl=1 22s 
-—lt 


ae ae 


THew Lis] & 


LOTTO 2686 

lish ise hh Ceres El ota 
/ 

IF l=) THENRebee 

FHR=11 

PH eh 

ee Eile GU) ote lime CLT vat Tee Pleas 


O FIT A OIFFERENT TYFE CUR! 
E72 ¥ 7H” 
IHFUT WE 
IF Wray" 
BOTH sr4n 
BOTH {B26 


a ee 


‘NEXT I 


ASSIGN# 1 TO * 
cf et il od 


CLEAR & Oar %. Pie Ges iat i 
POM COMP Lean 
EHD : 


ils I 





APPENDIX J. 


HEAT TRANSFER DATA ACQUISITION COMPUTER PROGRAM LISTIAG 


20 M&SS STORAGE 15 "35701" 

ao SAORT VCSG) 

Poe tee wen, 1 iedjan (5)... 0280100) 

ao iS Saw 

BO SLEARK & DISF " BUICK” 

=O Disr ” " 

70 DISF "THIS PROGRAM IS FOR USE IN SAMPLING FOR FUTURE PROCESSING " 

RO DISF "OPERATING PARAMETERS AND TO OUTPUTS ARE STORED ON DISH FOR FUTURE REDUC 
iT .oON”™ 

90 PAUSE = 

100 CLEAR © DISP "WHAT IS THE DATE? (MO/DA/YR) ” 

110 INPUT Dis 

120 CLEAR © DISP "WHAT IS THE TIME? (MILITARY) * 

120 IENFUT T1s 

140 CLEAR © DISP "WHAT IS THE BED WIDTH? (INCHES) " 

150 INPUT X 

160 CLEAR © DISP “WHAT IS THE STATIC BED HIEGHT? (INCHES) " 

170 INPUT S18 

180 CLEAR @ DISP "WHAT WAS THE HIGHEST NUMBERED PROBE UTILIZED? (TwO DIGITS)” 
190 INPUT LS 

200 LaVAL (LS) 

210 CLEAR © DISP “WHAT IS THE VOLTAGE TO THE RIGHT-HAND HEATER? (VOLTS) ” ’ 
220 INPUT V1 : 

=30 CLEAR © DISP “WHAT IS THE CURRENT TO THE RIGHT~-HAND HEATER? (AMPS) " 
240 INPUT 11 

250 CLEAR @ DISP "WHAT IS THE VOLTAGE TO THE LEFT-HAND HEATER? (VOLTS) " 
260 INPUT V2 : 

270 CLEAR @ DISP “WHAT IS THE CURRENT TO THE LEFT-HAND HEATER? (AMPS) ” 
280 INPUT I2 

290 CLEAR © DISP “WHAT IS THE AMBIENT TEMPERATURE? (DEG F)" 

300 INPUT Al 

310 CLEAR © DISP “WHAT IS THE GIR FLOWRRATE? (%)" 

220 INPUT Fil 

Soo F2lmri*s.S75 

340 CLEAR © DISP "WHAT IS THE BED EXPANSION? (INCHES) ” 

SSO INPUT E18 

S60 CLEAR © DISP “ENTER ANY COMMENTS YOU WISH RECORDED (MAX 100 CHARACTERS) " 
370 INPUT O18f€13 

~80 CLEAR & DISP “WHAT DO YOU WISH TO CALL YOUR DATA FILE? (SIX CHARACTERS MAX)" 
390 INPUT FS 

400 HS#"AFOILAL”" 

410 HS07)2#"79" 

420 HSC9IJ#"VTIVRETEO* 

430 CLEAR 709 

480 OQUTPUT 709 :HS 

450 CREATE FS.1.1500 

460 ASSIGN® i TO FS 

470 ASSIGN® 2 TO “COEFF2: D700" 

480 PRINT®# 1 3; DiS, T18,X,S1S,LS,L,V1,211,V2.12,A1,F1,F2,£1%,018 

490 PRINT USING So0O 

SOO IMAGE “KEEXEEKEKEKKKEKLEKEEEKEEKKEKTEE” 

3510 PRINT USING 320 

S20 IMAGE 3/,5X, "XZSEXPERIMENTAL DATAKE” 

2350 PRINT USING 340 3; F® 

540 IMAGE 8X, "RUN #",X,68 

S350 PRINT USING 360 ; D18,T1is 

S60 IMAGE 6X,8A,X,"-",X%, 4A 

370 PRINT USING 380 

280 IMAGE 2/,2X, "TCH", SX, "OUTPUT", SX, “TEMP” 


188 


OUTFUT 70° 
FOF I=1 
OUTFUT 709 


ENTER 


USINS 60.) 
Oye “MV ) Oe 
USING 620 


ay ou nm omy “ AB 
BED A — So Ee me SS yyy a 


CONTINUE 


rm: 


i DIS WHEN READY TO 
2 Tea 

Ta 79 

: et as" 


7OG © 


Vel) eReE1000 


NEXT I 
OUTEUT a7 O7 


ENTER 
Boer 
CLEAR 
PiSe 
READS 


s "TE LTE” 
7909 3: S 


© DISP “SAMPLING Cone LETE™ 


"RESULTS WILL BE PRINTED MEMENTARZ EY. 


aare 


FORK “r=) 10 79 


READS 


=e C (1) , C GadenG Sage C4). C (5) 


te 172 Hen 310 
GOTO 820 
IF I<=67 THEN 940 


TOT) =C(1)4C02) FV 0IT) 40 (03) EVI) KV CT) 40 (04) RV CI) BV CI) EV CI) #0 (5) EV CI) RVI) EVO I) aV 


hilo eit 61) ¥97 Seac 


PRINT# 1 ; 


Cit) mane 


IF I#41 THEN 920 


PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
eel 


USING 870 

J/g eh5 (CW Won. CUTOUT yoo Teme 
USING 890 

9X," (QV Sk, Cleo 

USING 910 


ans Wet SK 0 eee EX, LO A ee | 


USING 930 ; I.V¢I),. TCI) 


¢ 


IMAGE 
NEXT I 
ASSIGN#® 1 TO x 
ASSIGN# 2 TO x 
R(1)e(7T(1)+7T(2)4+T (3)) 7/735 
RC2) @(T (3) +7 (6) +7 (7) +7 (8) 774 
RCS) (CT (9) #T 010) +T (11)4T (12) )74 
R(4)=(T(15) +T (14) 4T (15) +T (16) ) 7/4 
RCS) = (7 (17) +7 (18) +7 (19) +I 2e ve 
L (2 yet T (21) +7 (22) +8) 61 240) 7S 
L (2) 3(T (25) +T (26) +T (27) +T (28) ) /4 
LS) tT (29) +T (S50) #1 31D +7 ez) 7S 
L (4) 28(T (33) +T (34) +T (35) +T (36) ) /4 
LS) 8 (T (37) +T (38) +T (39) +T (40)9 74 
Giwe(T (41) +T (42)+T(43))73 

G2" (T (44) +T (45) +T (46)) 7/3 

Pim (T (47) +T (48) +T(49)) 7/3 

B1l#0 

X1=0 

FOR I#S0 TO L 

IF I#35 THEN 1130 

GOTO 1170 

Xi*1l 

GOTO 1260 

IF I=65 THEN 1190 


2X.DD,3X,.DD.DDD.4xX. DDD. DDDD 
940 

ie @, 

960 

970 

980 

S7C 

1000 
1010 
1020 
1030 
1040 
1050 
1960 
1070 
1080 
1090 
1100 
11790 
1120 
11350 
1140 
1130 
1160 
1170 


ils) 


fig. eee 


“ G) ++ G) >< GD 
‘Oromo 
) 
u 


bene 1260 

RL=BL+T (I) 

NEexT f 

Ni@Ll~-SO+1l-xX1 

AHl=SC(R (1) *#R (2) Fk (5) R64) ©R (69) ) 75 
HMO=(LCi)d#L (2) e+L (5) 4b (4) 4L(5))/75 
Ri=SRI/SNi 

EleVixIiss. 4131 

E2®=V2eI245. 4121 

IF X1>1 THEN 1360 

PD=T (S55) 

GOTO 1400 

IF X1>2 THEN 1290 
P2=(7T(S55)+T(65))/2 

GOTO 1400 

P2=(T (55) +7 (65) +T (66) )/23 

PRINT USING 1410 3 X 
IMAGE S/,"BED WIDTH = 
PRINT USING 1430 3; S1$ 


",.DD.0D.X, “IN” 


PmeaGE “STATIC BRED HEIGHT = ".5h.° IN" 

PRINT USING 1450 : F2 

PMAGE elk FLOW RATE ",DDD.DD." Crm" 

PRINT USING 1470 ; Al 

IMAGE “AMBIENT TEMPERATURE= ".DD.DD." DEG F" 
PRINT USING 1490 ;: Vi 

IMAGE "RIGHT HEATER VOLTAGE= ",DD.D," VOLTS" 
PRINTSUSING 1510 3; Ti 

IMAGE "RIGHT HEATER CURRENT = ",D.DD." AMPS" 
PRINT USING i550 3; Va 

PHAGE SVEEET HEATER YVGLTAGE = ".DD.D." VOLTS” 
PRINT USING F550 3; I2 

IMAGE "LEFT HEATER CURRENT = ",D.DD," AMPS" 
PRINT USING 13570 ; E1$ 

IMAGE "BED EXPANSION # ",4A," INCHES" 

PRINT USING 1590 ; O1$ 

IMAGE "COMMENTS: ", 1Q0A 

END 


OG 


APPENDIX K. 


HEAT TRANSFER DATA REDUCTION COMPUTER PROGRAM LISTING 


ae 

=<) 

pap 

at 

40 

a! 

60 

70 

80 

90 

100 
ECO 
TiO 
120 
1590 
140 
1350 
160 
ert) 
180 
770) 
200 
210 
PsP @ 
2a0 
249 
229 
260 
270 
2B0 
<90 
200 
210 
320 
Ey 
~40 
Fis$-=f] ©, 
=60 
370 
>80 
=90 
400 
410 
420 
430 
440 
4350 
460 
470 
480 
499 
200 
2190 
320 
er Pct @, 
740 
pa pes] @) 
360 


SHORT V (80) 

PRIN ieee IS 7OL, 100 

PRINT CHAS (D7) &"&1lIL" 

PRINT CHRS (27) &"&1 6D" 

DIM CCS). 7 (SQ) Rk eS", 05>.. Ol Ss Cee) 
Ots=" 

Ee Om) 

BOSC | 

CLEAR © DISF " PROCESS” 
Disre * * 


DISF “THIS PROGRAM IS FOR USE IN PROCESSING DATA 


RDED. " 
DISP " ™ 


DISP "HEAT TRANSFER COEFFICIENTS ARE CALCULATED, 


PAUSE 


WHICH HAS BEEN PREVIOUSLY FR 


DISPLAYED, AND PRINTED." 


CLEAK @ DISP "WHAT IS THE NAME OF THE DATA FILE? (SIX CHARACTERS MAX) " 


INPUT FS 


CLEAR @ DISF "PRESS CONTINUE TO BEGIN PROCESSING” 


PAUSE 
ASSIGN# 1 TO FS 


READ@# 1 ; D168, T1$,X%.S18.L8,L,V1,11,V2,12,A1,F1,F2,F61%8,018 


F2eF1%.32454+. 795155 


CLEAR @& DISP “DO YOU WISH A PRINT OUT OF THE EXPERIMENTAL DATA? (Y/N) " 


INPUT RBS 

IF R@S#"Y" THEN 260 

B9# 1 

GOTO 1110 

CLEAR @ DISP “ COMMENT STATEMENT: * 
DIisehe=- 

DISP O1i$s 

DISP "* " 


DISP "DO YOU WISH TO MAKE ANY CORRECTIONS? (Y/N) " 


INPUT ROS 

IF R9OS=#"N" THEN 360 

DiSs- so 

DISP "ENTER CORRECTED COMMENT STATEMENT” 
INPUT O18 

t 


1 

; KZSKPRINT EXPERIMENTAL CONDITIONS &&8 
1 

PRINT CHRS (12) 

PRINT USING 420 

IMAGE 3/,350X, "SSEXPERIMENTAL DATARS” 
PRINT USING 440 ; FS 

IMAGE SSX, "RUN #",X.6A 

PRINT USING 460 ; D1is,T1$% 

IMAGE 35X,.8A.X,"—",X, 4A 

IF E9=1 THEN 1050 

PRINT USING 490 ; FS 

IMAGE 3/,22X, "RUN NUMBER =", 20X, 6A 
PRINT USING 310 3 X 


IMAGE /,22X, "BED WIDTH =",14X,DD.DD, X, "INCHES" 


PRINT USING SSO ; S18 


IMAGE /,22X,"STATIC BED HEIGHT =",6X.5A,X, °" INCHES” 


PRINT USING 350 3; F2 


IMAGE /,22X,"AIR FLOW RATE #",12X,DDD.DD.X, "CFM 


PRINT USING 570 3 Al 


eat 


e 


Or 


as 


id 


Doo @ I rhryen 


Wb Id) o 
D (1) 005 Tema) Ce ceo 0. cee 


oO 


Oo 0 
“SIO 
er 


est 
e70 
7AO 
710 
720 
720 
740 
Tea 
790 
rare 
730 
790 
800 
S10 
820 
ict @) 
S40 
e350 
$60 
570 
S50 
e90 
900 
910 
Sa 
92 
940 
alt @) 
950 
$70 
980 
290 
1000 
1010 
1020 
1030 
1040 
10350 
1060 
1070 
1080 
1090 
1100 
12710 
1120 
1430 
1140 
be eo) 
1160 


SMSse 7. SD." AMEIENT TEMPERGTURE ='.5xX.0DD.DD.x%."DEG F" 
PEINT UYSING F390 : vi 

Bec] . l=]. “Ses Saati 5 VOR TSG= =". 5%.DD.D.x*. “vOuTe' 
SSINT USING sith F i: 

Mace omaek. MIGRT SERTER CURRENT =",0%.0.05.X. "AMPS" 
PRINT USING s3O0 : VE 

beeG= 7.225%, "Lai SBESTER, VOLTAGE 2".0X.0DD.50.%. “VOuTSs” 
FRINT USING 650 : i2 

IMAGE /,22X%. "LEFT HEATER CURRENT =".7X,D.90D.X. "AMPS" 
PRINT USING 670 : E1$ 

IMSGE /.22X."BED EXPANSION =".11X%.44.X%. "INCHES" 
OFeLEN(C1$) 

GigcDS+1.1Oe@5=" " 


IF DY:30 THEN 740 

Pa NiwaolM@ee7r<0 + O16(3.093 
[IMAGE 7,.22X%. "COMPENTS: ",X, 208 
SOTS 570 

Koaeste 

iP OLSCKS,HSJ=”" " THEN 780 
Nomi Sef 

GOTO 750 

PRINT USING 790 ;: O18$f2.K9) 
nee «26 /« ZEX. “COMMENTS: ". X. O08 
poskSe-<3t 

IF D9>D2 THEN &70 

Sm oe) 

I= K6>D9 THEN $70 

PRINT USING 850 : O018C€K9+1.D9) 
IMAGE 22X.50A 

GOTO 970 

L9=D2 

Ir OLSC€L9,L9)=" ”" THEN 910 
LOBLO~} 

GOTO sso 

PRINi USING 920 : O1S$CK9*i.,.L°9) 
IMAGE 22X,. 504 

LSaL_o-1 

Ir LS>DS THEN D9=LE 

PRINT USING 960 : 018€L9#1.D9] 
IMAGE 22X.50A 

PRINT CHRS (12) 

2 

GOTO 360 ; 
t 

: XEXPRINT THERMOCOUPLE READINGS&.% 
L] 

PRINT USING 1040 

IMAGE /.30X. "THERMOCOUPLE READINGS" 
PRINT USING 1060 


Te 7G le, «Te. ok OUTPUT”. 4x, TEMP”, 14X%, "TER" GX, “OUTPUT”. 4X, "TEMP" 


PRINT USING 1080 


IMAGE 20X, "(mV)", 4X. "(DEG F)".19X, "(mV)", 4X, "(DEG F)”" 


PRINT USING 1100 

IMAGE 13X,"——", 3X, "maa", aX," 
FOR Im1 TO 79 

IF I>L THEN 1140 

GOTD 1:50 

IF 14m67 THEN 1160 

READ# 1 : V(I), TCI) 

NEXT I 





Stes 14x, ame SX, au 


132 





any a6 


A 


« 


- 


t+ §-5 4-4 


0 WW 


pany 
pee Ee 
poe 
1229 
124560 
Lea 
1260 
TezenG) 
i280 
1290 
1300 
Tsie 
i 22e 
TasQ 
1340 
1350 
1360 
12.7 © 
1380 
1390 
1400 
1410 
1420 
1430 
1440 
1450 
1460 
1470 
1480 
1490 
1500 
13510 
S20 
LSsC 
1540 
13550 
1560 
1570 
1580 
13590 
1600 
1610 
1620 
1630 
1640 
1650 
1660 
1670 
1680 
1690 
1700 


~ 
' 
— 


Le 


™ 
0 
it 


eek 


SA) 


+— 


s GOTO 


1250 


THEN 


GEsO 1260 


IF J 
IF J+ 


Teez1=1 


PRINT 
IMAGE 


.=67 
79 THEN Z1=1 


THEN 1340 


THEN 1310 
USING 1290 2 K.V(EOR T Cho. V (0 ee 
13X.DD.3%. DD. DDD. 4X. DDD. DD. 15X.DD. SX. DD. DDD. 4x, DDD. DD 


GOTO 1230 


PRINT 
IMAGE 


USING 13520 3; K.VCK).T CK) 
15X.DD. 5X. DD. DDD, 4X. DDD. DD 


GOTO 1560 


J=J+1 
GOTO 


NEXT K 


@ Wisl 


2w0 


ASSIGN# 1 TO * 


PRINT 


GHRS Cl) 


ROL )@=(T (1) +9 (2) +f G90 7s 

R(2) =(T(S) +7 (6) +707) +T(8)) 74 
Repay) +1 C10) +t Clie C1274 
R(4),8(TC13) +7614)+T(15)4T(16)) 7/4 
R¢(S) (7617) 4T (18) +T(19)+T (20) 7/4 
LCi? € Oi MST) +7 (22) +7 (25) 40 (249074 
EC2) 67 (25) 49 (26) +7 (27) 47 (ze 4 
L¢(3) =(T (29) +T (30) +T (S31) +T (32) ) 74 
L¢(4)2(T (33) +7 (34) +7 (S35) #T (36) ) 7/4 
L¢(S) ©(7 (37) +T (38) +7 (39) +T (40) ) 74 
Hime (R(1)+R(2) +R (5) R69) 4R(5)) 7/5 
HZeti (1) +E C2) Eto) +l (47 ewe 
IF B9#1 THEN 3500 

‘ 


) 
: 

PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 


DDD. DD 


1710 
1720 
1730 
1740 
D.DD 


PRINT 
IMAGE 
PRINT 
IMAGE 


KZKDISPLAY HEATER TEMP SNAPSHOT (R-H) x4 


USING 1560 
3/,30%, "X*EXPERIMENTAL DATAxx" 

USING 1580 ; FS 

3SX, "RUN#".X. 6A 

USING 1600 ; Dis.T1is 

33X.BA, X,"-", X. 40 

USING 1620 

3/,32X, "RIGHT-HAND HEATER" 

USING 1640 

31X, "TEMPERATURE PROFILE” 

USING 1660 

/, 25%, "COL 1". 3X, "COMMS". 3X. "COL SN Sxe "COM 4", 7x. "Ave" 
USING 1660 

23X, "-———_-— " 

USING 1700 BH Timer (2). 7 GieRcd) 

17X, "ROW 1",X,"!",X, DDD. DD, 2X, DDD. DD, 2X, DDD. DD, 2X, "¥XRER", 2X, "1", 2X, 





USING 1720 

SX a ee eee es 

USING 1740 3; T(S),T(6).7(7).T(8) «R(2) 

17X, "ROW 2".X, "1", #8DDD. DD. 2X. DDD. DD, 2X AEDD. DD, =X, DPD AD eme ats 2 ee 


The 


--o- 
- ae 


S79 
—~—— -, 


TARO) 
Toe) e, 
i720 
180m 
1810 
1Se20 
bs DD 
1830 
1840 
1850 
1860 
D.DD 
1870 
1880 
1890 
1900 
1910 
1920 
1930 
1940 
19350 
1960 
1970 
1980 
1990 
2000 
2010 
2020 
2030 
2040 
2950 
2060) 
wO7 0) 
2080 
2090 
ele. 
2110 
Peg Ud 
21350 
2140 
21350 
~160 
mia as @ 
2180 
2190 
2200 
gece 10) 
FRPP L 
wZaeow 
a240 
Zee 
22690 
2270 
a200) 
aa7O0 
22300 
251.0 


+4 


& 


FRINT 
IMAGE 
RINT 
IMAGE 


FRINT 
IMAGE 
PRINT 
IMAGE 


PRINT 
IMAGE 
PRINT 
IMAGE 


PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 


BEING 160 


Se eee 

SSRs 17st MOV CLOG Coo rae ere io) 

ee ee ee OOD Deano. DD. ad. DDD. DD. S%aDDD.Ob.2) a. "..*. 
USING 1800 

Sone i ae SONS 

ies eee) CPS) TCLS). Tt 16) .R 14) 

eNOS ee DDD. DD =), DED. DD, 2X.DDD.DD.2%. DDE. DD. 2x.7 1". 2 


USING 1840 
ZDAs oS Ke 


WernGe ISCO C17) 77 (18). 9 Clo). F620) RCS) 


ROWS Agee «Aw OOD. DD. 2X. DDD6eDD,=oX%. DOD. DD. 2X. DDD. OD, 2%. 71" .2%X. 
USING 1880 

FMS | ; NY a ea UO 

USING 1900 

/,16X,"NOTE: TEMPERATURES SHOWN ARE IN DEGREES FAHRENHEIT" 


USING 1920 
22X."AND ARE ARRANGED AS SEEN FROM WITHIN THE BED" 


USING 1940 

21/.17X. "NOTE: PLOTTED TEMPERATURES ARE AVERAGES OF EACH" 
USING 1960 

23X. "HORIZONTAL ROW" 

CHRS (12) 


{ ¥x*xXxPLOT TEMP GRAPH (R-H) xx 


PeiNwLeR is 2 


PRINT 
IMAGE 
PRINT 
IMAGE 


USING 2050 ; FS 
4/,10X, "RUN# ".X,6A 
USING 2050 

o/ 


PRINTER IS 701,100 
oT RP CR oS). 

Z82RMD (29.5) 

IF Z8=e0 THEN 2120 


Z9=29- 


1 


GOTO 2080 


Z6=29— 


el 


27229415 
GCLEAR ® SETGU : 


LOCA 


Swett os aO. oO 


' FRAME 


SCALE 
FXD O 
LAXES 


Zoe27— 


ie iezto. 0, a, 1 
16 


MOVE Z5,-S 


DEG 


LDIR O @ LORG 4 


LABEL 


moucne (DEG F)* 


2425-3 
MOVE 24,5 
LDIR 90 @ LORG 4 


LABEL 


"VERT POSITION (IN)” 


Z3=Z6+14 
MOVE Zo. la 
LDIR © @ LORG 4 


194 


5 (8a 


DD 


Aa 


LSAREL 


- = 
oe om 


MOVE 


WDIR «3 


) CRB 


Se foe 
Y=9 


"Ps GAT =SaNG HEATER ~ 


Sleri4 
_ 
— ae @ nl 


@ ARG 4 


let ve (ber he 


ROR be) OG 
MEI ear (1 Jay 


Ya y=— 
LORG 
LABEL 


NEXT I 


COPY 
{ 

: 

PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 


PRINT 
IMAGE 
PRINT 
IMAGE 


PRINT 
IMAGE 
PRINT 
IMAGE 


PRINT 
IMAGE 
PRINT 
IMAGE 


PRINT 
IMAGE 
PRINT 
IMAGE 


PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 


A? ol 


KXEDISFLAY HEATER TEMP SNAPSHOT (L-H) eux 


USING 2490 

3/.30X, "EXPERIMENTAL DATAKE" 
USING 7510 ;: Fs 

SSX. "RUN#".X, 6A 

USING 2850 ; D1is,Tis 

Sa SEA =" Xess 

USING 2550 

3/.233X, "LEFT-HAND HEATER" 
USING 2570 

S1X. "TEMPERATURE PROFILE” 
USING 2590 


Jueok, "COL 1"83xX, "COL 2”.3X« “COL Si. eee ey 


USING 2610 
23x."'--------- ee ea eee ey 


USING 2630 : T(21).T(22) ,T(23) 7 (ape Ld) 








17X."ROW 1",xX%.":",X,DDD.DD.2xX.DDD.DD, 2X, DDD.DD. 2X. DDD. DD. 2x," 


USING 2650 
Pane ask. "17 


USING 2670 3 I (25) 2.7 (25) Ces ce eee 


17X. "ROW 2" .X,"i".X.DDD.DD,2X.DDD. DD, 2X,DDD.DD.2X, DDD.DD. 2x." 


USING 2690 
AED ae : ee eg eo ; to 


WSING 2710. T(29), Fi sone Tol ino elec) 


17X. "ROW 3".X,"'".X.DDD.DD.2X.DDD.DD.2X,DDD.DD.2X.DDD.DD. 2x." 


USING 2730 
ZoAGey OO ese 


USING 2750 : T(S3),.7T(S4).7T(35),7T(S6).L (4) 


17X, "ROW 4".X,"!",X,DDD. DD, 2X, DDD. DD, 2X, DDD. DD, 2X. DDD. DD, 2x." 


USING 2770 


USING 2790 : T(S7),7T(38),T(39).7T(40),L (5) 


17X, "ROW S".xX.":".X.DDD.DD.2X, DDD. DD, 2X. DDD. DD. 2X. DDD.DD, 2x," 


USING 2810 : 
FED 4 e a Some eee? 
USING 28350 


/.16X,"“NOTE: TEMPERATURES SHOWN ARE IN DEGREES FAHRENHEIT" 


USING 2850 


22X. "AND ARE ARRANGED AS SEEN FROM WITHIN THE BED" 


USING 2870 


169:5 


eats OU 


Se DD 


* 235 Oe 


"aks BE 


"22,00 


pJdPtI¢PVIVI DI 
047 9 Yiy UD ID 


S000 
3010 
3020 
S030 
3040 
BQSO 
SOSO 
3070 
~O80 
3090 
3100 
ot ue) 
S220 
3130 
2140 
2150 
3160 
Lee 
3180 
3190 
3200 
Wig ||) 
Lipid ©) 
RS PEwI@) 
S240 
2250 
~260 
3270 
 >28o0 
3290 
3500 
2310 
Bc al 
PRS @) 
2340 
EC Epes! 
S260 
Sol 
3380 
So7O 
2400 
3410 
3420 
3430 
2440 
3450 
3460 


IMAGE Die .iTX. "NOTE: SLOTTED TEMPERATURES ARE AVERAGES 


PRINT USING 2890 

IMese Sox. "HORIZONTAL ROW" 
FRINT THRS Cit) 

tXELOT TEMF GRAPH (LH) ¥x" 
FRINTER IS 2 

PRINT USING 2960 : FS 
IMAGE 47.10%, "RUN#® ".X.646 
FRINT USING 2980 

IMAGE S/ 

FRINTER IS 701,100 

Z9=ZIFP (LS) ) 

ZB8=RMD(Z9.5) 

IF Z8=0 THEN 3050 

Z29=29-1 

GOTO 3010 

Z262#29-15 

Z7 229415 

GCLEAR @ SETGU 

LOCATE 22,118.20, 80 

' FRAME 

SEARLE 26.27,0, 10 

FXD © 

eke S 1. t426.04d02 
Z25=27-16 

MOVE 7235.73 

DEG 

LDIR ©O @ LORG 4 

LABEL "TEMP (DEG F)" 
ZS$=7Z6-3 

MOVE 24.5 

LDIRK 90 © LORG 4 

LABEL "VERT POSITION (IN)" 
ZS2=Z6+14 

MOVE 25,12 

LDIK O © LORG 4 

LABEL "LEFT-HAND HEATER” 
Z2=Z2Z6+14 

MOVE Z2.i1 

LDIR O & LORG 4 

LABEL "TEMP vs DEPTH" 
SETUU 

Y=9 

FOR I=1 TO § 

meve C1). ¥ 

Y=Y-2 

LORG & 

LABEL "x" 

NEXT [I 

COPY 

! PRINT PAGE HEADING 
PRINT USING 3410 

IMAGE 3/7,30X. "EXPERIMENTAL DATARE" 
PRINT USING 3430 : FS 
IMAGE 3SX. "RUN#".X, 6A 
PRINT USING 3450 ; D1$,T1$ - 
IMAGE 33X%.8A.X."7-",X, 4A 
PRINT USING 23470 


Bee) 


) 


= 


mM 


ACH 7) 


~470O IMAGE 27 
[Sean FRINT USING 3490 

T4SO IMAGE s1X. "TEMPERATURE FROFILE" 
mea READ BED SIZE 

col CLSeS el. S35 
Poco 2s MOVSa ia 
IF Q1$="10" 
a SAC) IF Q01¢="0e" 
TESSs0O IF BS=i THEN 
sve $=! 
Res Flame! 


(oo te ve een Zeta Oe 


THEN 4290 

THEN 4220 
THEN S890 
3850 


*XDISPLAY 6 IN BED TEMP SNAF SHOT s« 


3580 
~o9O 
3600 
2610 
3620 
2650 
3640 
2650) 
2660 
2670 
3680 
3690 
2700 
370 
3720 
37 SO 
3740 
3750 
3760 
=770 
3780 
=790 
3800 
3810 
3820 


I 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
PRINT 


USING 3600 

pee ret IR a i alm 
USING 
Ee a mae « Zak ak 
USING 3640 
a/Xe it samme 1 

USING 3660 : T(56).7T(53).7T (50) 
27X."'".X.DDD.DD.2X.DDD.DD,.2X.DDD.DD.2x.";" 
USING 3680 

a27Xa> te wewha 

USING ras 
27xe" i a 
USING 372 : 
ge 
USING 3740 
27 25x, 
USING 3760 
athe eam Ke 1 | 
USING 37680 : TXS7). 
27ND DD. DIN 
USING 3800 

a7 Ke 375 fox I 
USING 3830 

USING 3840 


T(S1) 
DDD. OD, 2x. 


T(54),.7T(S2 
2X.DDD.DD. i DDD.DD, 2x, 


3830 IMAGE 27X%,"'",25X. 
~840 IMAGE 27X,"-—— ae 

3850 ! CALCULATE AVERAGE BED TEMP 

>860 Bie 7 (50) +7 (51) +T (32) +7 (55) +7 054) 47 CSG) +1 W797 





3870 
3880 
3890 
3900 
3910 
3920 
S930 
3940 
3950 
3960 
3970 
3980 
3990 
4000 
40190 
4020 
4030 
4040 
4050 
4060 


GOTO 4900 
1 


XxDISPLAY 8 IN BED TEMP SNAPSHOTS* , 


1F B91 THEN 4180 


PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 


IMAGE 25 


PRINT 


IMAGE 25 


PRINT 


hd 


USING 3930 

Zip Ne ——ee 
USING 3930 

Zooks we rar J ae wen 

USING 3970 

OSKee 2a Xk, ae 

USING 3990 ; T(56).T(S3).7 (50) 

29%, "i", 0%.DDD. DD, 2X. DDD. OD, 2% 4DDE. Dba aie 
USING 4010 

25x; ae " ,29X. eon ae 

USING 4030 

ha ly pas )) OA eee 

USING 4050 a Gon) 

Met wel hs DDD se DD ax see 
USING 4070 





Ie 


POO Ce 
2120) 
a 90) 
op Che) 
#116 
6120 
£1430 
3340 
$150 
4160 
4170 


IM&GE 
PRINT 
IMaGe 
PRINT 
IMAGE 
Ee INT 
IMASE 
PRINT 
IMAGE 
PRINT 
IMAGE 


ClD > Aaa 
JSING 
ao ee 2 a | 
ap ut 7. @ 1 
WSING 
ah) Aaa 
USING 


aL oF 
= a ' 


USING 


A ort 
im oe! a ' 


USING 


ak = 


oe | (y+ 8 
a =_ > ' 


BOG) 

De ae ae 

m5 ea ped CSAS oe 

eo. OD w= A OO. oD, ae DOD. Dusk. 
4430 

een re aa 

4150 

LES ah ie Gt i 

41790 


ae ie 


4180 !' CALCULATE AVERAGE BED TEMP 
Some l= (h (soy e) (51) +1 (S22) +7 (55) +7 (54) +7 (S36) +7 (57)) 77 
4200 GOTO 4900 


4210 
4220 
4230 
4240 
4250 
4250 
4270 
4280 
4290 
4300 
4310 
4320 
4330 
4340 
4350 
4360 
43790 
4380 
4390 
4400 
4410 
4420 
44250 
4440 
4450 
4450 
4470 
4480 
4490 
4500 
4510 
4520 
4530 
4540 


IF B9= 


PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 


KXXDISPLAY 10 IN BED TEMP SNAPSHOTX«ss 


1 THEN 45350 


USING 4260 
USING 4280 
may TE es 


USING 43500 


aoX, "i 
USING 
eZorke": 
USING 
SREP. Gale 
USING 
FLED 
USING 
Boks, | 
USING 
ZExn 
USING 
2ox. ns 
USING 


~~ oe 8 
Zork. L] 


es a 
4320 : T(58).7T(56).7T(53).7(50) 

eh aDDa ek DDD aDD, 2X.,DDD.DD«<?%. DDS. DD. 2%." !" 
4340 

sae tt 

360 

ates 

4380 : T(59).T(S1) 

ODD. DD. 16X.DDDaDD.2x.":" 

4400 


geek RS 


4420 

Peete 

4440 : T(60).T(57).7(54).T(S2) 

oreo Doge ks DUD. DD. 2X, DDDADD, 25, 00D.DD.2x." 1" 


USING 4460 
Pes Det bec CO a 
USING 4480 
23xX."1", 35x." 
USING 4500 
23X."= 
USING 4520 

/.15X."NOTE: TEMPERATURES SHOWN ARE IN DEGREES FAHRENHEIT" 
USING 4540 


2ix,"AND ARE ARRANGED AS SEEN FROM ABOVE THE BED" 











4550 ! CALCULATE AVERAGE BED TEMP 

4360 Bl=(T (50) +7 (51) +7 (S2) +T (53) +T (54) +7 (56) +T (57) +T C58) +7 (59) +T (60) > 710 
4370 GOTO 4950 

43580 ! 

4590 ! KEXDISPLAY 12 IN BED TEMP SNAPSHOT XE 

4600 ! CALCULATE AVERAGE BED TEMP 

4610 Bls(T (50) +T (51) +7 (S52) +T (S35) +7 (54) +T (56) +T (S57) +T (58) +7 OS9) +T (60) +T (61) +T (62) 
R(SS7) 7 Ts 

4620 IF B91 THEN 
$650 ! 

45490 PRINT USING 4650 
4650 IMAGE 2/,19X," 


49350 





is)s) 


s600) 
La7 
sodt 
£-90 
4790 
4710 
4720 
4730 
4740) 
47350 
4760 
4770 
4780 
42790 
4800 
4810 
4820 
4830 
46840 
4850 
4860 
4370 
4880 
4890 
4900 
4910 
4920 
4930 
4940 
4950 
4960 
4970 
4980 
4990 
3000 
3910 
3020 
IOSO 
3040 
sO0S90 
e710) 
3070 
2080 
3090 
3100 
7110 
7120 
3130 
7140 
2150 
27160 
w170 
7180 
3190 
3200 
ral ais 312) 
= PF @ 
a ac @ 
v240 


Ja JO 


aaa Sy Te 
IMAGE 
ea Nite 
i MAGE 
PE INT 
IMAGE 
Pe Nn 
IMAGE 
PB LING: 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
ste TE 
IMAGE 
PRINT 
IMAGE 


IF B9=21 THEN 


PRINT 
IMAGE 
PRINT 
IMAGE 
t 
! 


USING 4670 

ee Oa 

USING 4090 

1 ar aie p 

USING S710) : 7¢61).7¢98) 95a) yon ee 


USING 4730 

LOX anew 

USING 4750 

LOK) erage ane 

USING 4770 ; T(62).T(S9).7T 651) 
19xX.":".X%.DDD.DD. 2x. DDD. DD.ASBx% obese eee 
USING 4790 

19 Kee oa 

USING 4810 

19X. "5.x, © ti 

USING 4830 : T(63).7(60).7T(57).7T(54).7(32) 


19x. "°:".X%,DDD.DD, 2X, DOD. DD, 2x, DDD. OD, 2x, DDD. DD. 2x. DOD flea. ie 


USING 4850 

19X%.." 3  ee l 

USING 4870 

VOX Rea 

USING 4890 : 

LOY, ' -e- =  - 
4960 
USING 4920 
/.15X."NOTE: 
USING 4940 
21x."AND ARE ARRANGED AS SEEN FROM ABOVE THE BED” 


TEMPERATURES SHOWN ARE IN DEGREES FAHRENHEIT" 


KXXCALCULATE RESULTS&% 


' CALCULATE AVERAGE AIR INLET TEMP 
P1i=(T (47) +T (48) +T(49))/23 
' CALCULATE AIR OUTLET TEMP 


P2=T (55 


) 


! CALCULATE RH HEATER GUARD TEMP 
G1=(T(41)4+T (42) 4+T(43))7/35 
' PRINT PAGE HEADING 


PRINT 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 
PRINT 
IMAGE 


CHRS (12) 

USING 5070 
3/.30X.""SCALCULATED RESULTSEx" 
USING 5090 ; FS 


35X. "RUN #",X. 4A 
USING 5110 : D18.T1s 
S3X.BA.X, "=", X, 4A 

USING 5130 

2/,32X, "RIGHT-HAND HEATER” 


' PRINT AVERAGE HEATER TEMPERATURE 


PRINT 
IMAGE 


USING 35160 : Hi 
2/.15X, "AVERAGE HEATER TEMPERATURE #=",12X.DDD.DD.X,"DEG F" 


' CALCULATE AND DISPLAY ELECTRICAL ENERGY INTO HEATER 
E1mvix1I1%3.4121 

' CALCULATE AND DISPLAY LOSS OUT OF BACK OF HEATER 
G3e@(H1i—-G1)*.1703163 ; 


' CALCULATE CONVECTION HEAT TRANSFER COEFFICIENT FROM GUARD TO ATMOSPHERE 


Ci=GS/ (.347222% (G1-Al)) 

' CALCULATE LOSS FROM SIDES OF HEATER TO ATMOSHPERE 
S32C1%.069444% (7 (72) -Al) 

' CALCULATE LOSS FROM TOP STRIP TO ATMOSPHERE 


4 


USI, 


* 61 


19X, "1". 4%. DDD. OD, 2X. DDD. DD. ax. SOD. DP. 2x. DOE OD] eo) el eee ee 


Seo Re a LORS S as CT 106)<A1» 

Fl7> CALCULATE LOSS FROM BOTTOM STRIP TO ATMOSPHERE 
Bee 26, ODS eo ay apes 2 =) 

EDS. | CALCULATE TOTAL L2SSES TC ATMOSPHERE 

S300 p$s65-S5+U2+S7 

ETiO ' CALCULATE HEAT FLUX THRU RH PLATE 


Srlt FPISEL-wS 

Sea Voz 

S240 ' CALCULATE SURFACE TEMPERATURE OF PLATE 

ooo” PSSH) —FsSk. O20B8SIS/ ( (25 2—. OS2% (H1—-70) ) %. 3475252 
S260 ' CALCULATE HEAT TRANSFER COEFFICIENT FOR PLATE TO BED 
Se 70 PIJSEPS/ (6.547222 (PE—B1)) 

Sr=380 ' CALCULATE LOSS FROM SIDE STRIPS TO EED 

S-9O C3SHP7%. 0694448 (T (73) -B1) 

5400 ' CALCULATE LOSS FROM TOP STRIP TO BED 

5410 S9=F7%k,. O208S53535% (T (69) -B1) 

5420 ' CALCULATE LOSS FROM BOTTOM STRIF TO RED 

64250 SS=F7x. 0208232332 (T (70) -B1) 

S440 ' CALCULATE TOTAL LOSSES INTO RED 

S450 HA=C3+S9+S5 

5360 ' CALCULATE NEW HEAT FLUX THRU PLATE 

5470 X92E1-H4-HS 

3480 V9#V9e+1 

5490 !' COMPARE NEW FLATE HEAT FLUX WITH OLD AND REPEAT CALCULATION IF DIFFERENCE 
EXCEEDS 0.01 

S500 X82ABRS (P3-X9) 

~wi0 IF X8>=.01 THEN PS#x9 © GOTO 3340 

S520 ' PRINT RESULTS 

SS30 PRINT USING 3540 ; FS 

7w40 IMAGE 15X. "AVERAGE PLATE SURFACE TEMPERATURE =",.5xX.DDD.DD.X. "DEG F” 
S550 PRINT USING 5560 : B1 

2560 IMAGE 15X."AVERAGE BED TEMPERATURE ©=",15X.DDD.DD.X."DEG F" 

~2790 PRINT USING S580 : E1 

~w80O IMAGE 15X."“ELECTRICAL ENERGY INTO HEATER =",.8xX.DDD.DD.X, "RTU/HR" 

5590 PRINT USING 5600 : H4 

3600 IMAGE 15X."LOSS FROM HTR BACKING TO ATM #",.9X,DDD.DD.X, "BTU/HR" 

3610 PRINT USING 5620 : Ci 

S620 IMAGE 15xX."hH(HTR BACKING-ATM) =",8xX.DDD.DD.X, "BTU/HR-FT“2-DEG F" 

5630 FRINT USING 3640 ; HS 

5640 IMAGE 15xX."LOSS FROM HTR PERIMETER TO BED =",.7X.DDD.DD,X."BTU/HR" 
5650 PRINT USING 5660 ;: FS 

5660 IMAGE 15X. "HEAT FLUX THRU PLATE =".17X,DDD. DD. xX. "BTU/HR" 

5670 PRINT USING 5680 ; F7 

3680 IMAGE 15X, "M(PLATE-BED) =",.14X,DDD.DD,X, "BTU/HR-FT“2-DE& F" 

5690 ! 

3700 ! CALCULATE AND DISPLAY RESULTS FOR LEFT-HAND HEATER 

S710 ! 

5720 PRINT USING 53730 

S730 IMAGE 2/,33X, "LEFT-HAND HEATER” 

5740 ' CALCULATE LH HEATER GUARD TEMPERATURE AVE 

37290 G2e (T (44) +T (435) #7 646))73 

~760 ! CALCULATE ELECTRICAL ENERGY INTO HEATER 

S770 E2ev2kI2%3.4121 

S780 ! CALCULATE LOSS FROM BACK OF HEATER TO ATMOSPHERE 

3790 G4" (H2-G2) %.17031635 

5800 ' CALCULATE CONVECTION HEAT TRANSFER COEFFICIENT FROM GUARD TO ATMOSHPERE 
5810 C28G4/ (.347222% (G2-Al)) : 
2820 ' CALCULATE LOSS FROM SIDES OF HEATER TO ATMOSPHERE 
[3830 $4aC2%. 0694448 (T (78) Al) 

3840 ! CALCULATE LOSS FROM TOP STRIP TO ATMOSPHERE 


200 


6420 
64350 


US=Cl4. OL0G Tae se) —A1) 

| CALCULATE LOSS SRO 2G770M STAIP sees. 
Se=U5 

' CALCULETE TETSE LOSSES 1C Saves a=Re 
he=64+54+U5+58 

' CALCULATE HEAT FLUX THRU LH PLATE 

PasE SC =-HOo 

‘TEASECULATC SUREACE TEMPERS TURE C-Span co 

FesHi-F 44. OL0CRSSSs ( (253-. 052% CHZ-70) 04. S47 252) 

! CALCULATE HEAT TRANSFER COEFFICIENT FOR PLATE TO RED 
PBBPS4/(.53487222% (P6—-H1) ) 

' ‘CALCULATE LOSS FROM SIDE STRIPS Tessas 
C4=2P8x%.069444x% (T (79) -B1) 

Y CACCULATE COSS FROM Tor STRIP TO" BED 

UIsPS%. 020835358 (T (77) - BL) 

' CALCULATE LOSS FRGEM BOTTEM STRIP 10 Beep 

Sé6=U1 

' CALCULATE TOTAL LOSSES TO BED 

HS=2C44Ui+Se6 

' CALCULATE NEW HEAT FLUX THRU PLATE 

X7SE2-H6—-HS 

| COMPARE NEW HEAT FLUX TO OLD AND REPEAT CALCULATION IF DIFFERENCE 


XS@ABS (P4-X7) 
IF X6*=.01 THEN P42x7 & GOTO 5920 

t PRINT RESULTS 

PRINT USING 6110 : H2 

IMAGE 2/.15X, "AVERAGE HEATER TEMPERATURE #",12X,DDD.DD,x, "DEG F" 
PRINT USING 6130 : P6 

IMAGE 15X. "AVERAGE PLATE SURFACE TEMPERATURE #©".5X,DDD.DD.x. "DEG F" 
PRINT USING 6150: #81 

IMAGE 15X. “AVERAGE BED TEMPERATURE =",15X,DDD.DD.X."DEG G" 

PRINT USING 6170 : E2 

IMAGE 15X. "ELECTRICAL ENERGY INTO HEATER =",8X.DDD.DD.X."BTU/HR" 
PRINT USING 6190 : H6 

IMAGE 15X."LOSS FROM HTR BACKING TO ATM =",9X,DDD. DD. X, “BTU/HR" 
PRINT USING 6210 : C2 

IMAGE 15X,"h(HTR BACKING-ATM) =",8X,DDD.DD, xX, "BTU/HR-FT*2-DEG F" 
PRINT USING 6230 : HS 

IMAGE 15X. "LOSS FROM HTR PERIMETER TO BED =",7X,DDD.DD, xX. "BTU/HR" 
PRINT USING 6250 ; P4 

IMAGE 15X. "HEAT FLUX THRU PLATE #",17X,.DDD. DD, xX, "BTU/HR" 

PRINT USING 6270 : P8 

IMAGE 15X,"h(PLATE-BED) =",14X,DDD.DD,X, "BTU/HR-FT*2-DEG F" 

i} 


' CALCULATE ENERGY BALANCE VALUES 
I 


' CALCULATE AIR DENSITY 

XS®1.525829.92/ (P2+459. 69) 

' CALCULATE ENERGY CARRIED OUT OF BED BY AIR STREAM 
AS@F2EXSK608. 241% (P2—P1) 

! CALCULATE LOSS THRU FRONT AND BACK FACES 
Lés. 488uxx(T (75)-T(74)) - © 

! CALCULATE TOTAL ENERGY LEAVING BED 

ASBAS+LO 

' CALCULATE TOTAL ENERGY INTO BED FROM RH HEATER 
BS3mE 1 —-H4 

' CALCULATE TOTAL ENERGY INTO BED FROM LH HEATER 
B42E2-HS 

' CALCULATE TOTAL ENERGY INTO BED FROM ALL SOURCES 


“a 
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EXCEEDS 


e6du 
a OS 
2S0u 
ai7!) 
e430 
Poe ek) 
Sond 
6a10 
= st a® 
oSao 
6540 
Gaa0 
6560 
6570 
6580 
6590 
6600 
6610 
6620 
6630 
66450 
6650 
6660 
6670 
6680 
6690 
6700 
6710 
6720 
6730 
6740 
67350 
6760 
6770 
6780 


-~ —=-_— 
' 


~RaeodtJnmi& CONVECTION HEAT TRANSFER COEFFICIENT F/E 


PeH=Lo, .24kKxX9 (T6754) Gi, ) 


= A 


r~A : a 
iy es FE = |S 


S2MVSli ran Rent TRANSPSs CSerrFiCleEnt F/& 


Peover Ciel —1i7oy? 


oy) ee 


ai ees 
I - 
l 
Y 
t 


deere esUrPerne Lelew. YVelLOCl iy 


USF 2/ (ekX/144) / 60 

' CALCULATE SUPERFICIAL MASS VELOCITY 
GSUKXSKISOO 

'ERCeEULAT=a FPOaRTICLCE REYNOLDS NUMBER 
R=G6/ 356008. 0009 166667/ . 0000003 96/32.174 
PRINT KESULTS 


PRINT USING 6570 

IMAGE 2/.54X, "ENERGY BALANCE" 

PRINT USING 6590 ; Pt 

IMAGE 2/,15X,. "AVERAGE AIR INLET TEMPERATURE =".9xX,DDD.DD.X."DEG F" 
PRINT USING 6610 ; F2 

TMAGE 15x. "AIR GQUILET TEMPERATURE =".16x%.DDD.DD.xX, "DEG F” 
PRINT USING 66350 ; Kl 

IMAGE 15X, "AVERAGE BED TEMPERATURE #",.15X.DDD.DD.X, "DEG F" 
PRING USING 66350 : AS 

PASSE Ea, “Qt(Ale GUT) =", 27%, DDD. DD, xX, "BTU/ HR" 

PRIND USING 66707: (Cé 

IMAGE 15X."q(LOSS F/R WALL) =",21xX,DDD.DD, X, "BTU/HR" 

PRINT USING 6690 3; AS 

PMSG=elox-. G°1GraL OUT OF BED) =".18xX.DDD.DD. xX, “BTU/HR" 
PRINT USING 6710 ; A7 

IMAGE 15X."qQ(TOTAL INTO BED) =",20X,DDD.DD.X,. "BTU/HR" 
PRINT USING 6730 3; U 

MiAGceEs lox. SUPERETEIAC VELOCITY =".17X,DDD. DD. xX, "FT/SEC" 
PRINT SUGSING 6750 : G 

Piecemtex SUeeR-teolAnL MASS VELOCITY =2)7X.DDD.DD, xX, "LEM/HR-FT“2" 
PRINT VUSING 6770 ~: 

IMAGE 15X%, "PARTICLE REYNOLDS NUMBER #=",.20X,DDD.DD 

END 
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